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ABSTRACT
A SrC-doped partially reacted zircon-alumina-zirconla-mullite has 
boon developed which is competitive with commercial 90% alumina 
in abrasive wear resistant applications. The material properties 
wero optimized using statistical, experimental design, multi­
factor analysis and hill climblnc techniques. $rO was selected 
after a preliminary study of a number of dopants Including CaO, 
S/O, 8a0. ZnO and some combinations o f these. A particular 
investigation was also carried out on the effect of BaO on zircon 
using conventional, XRO and SEM techniques. A comf.iehesive lit­
erature review ot zlrconia-mullite processing and properties 
forms the basis o f the study.
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SECTION 1i LITERATURE SURVEY
1. INTRODUCTION AND HISTORICAL BACKGROUND
1.1 INTRODUCTION
The incorporation o f Zr02 as a dispersed second phase 1n a ceramic 
m atrix is  known to resu lt in improved mechanical properties, vvlng 
to the operation o f a numoer o f toughening and strengthening mech­
anisms [1 -4 ]. Most of the research in th is  f ie ld  has concentrated, 
over the past decade, on zlrconia-alumina. These materials are 
now being developed (3n<rerc1aUi> as engineering ceramics and have 
already found use as cutting tools In favour o f alumina [5 ,6 ]. 
More recently. Increasing inte rest has been shown in  other compos­
ite  ceramics containing zirconla , pa rticu la rly  in zlrconla-m ulllte  
[/ -1 0 ].  This inte rest is reflected by the growing publication 
rate illu s tra te d  from a recent U tere ture search (F ig . 1).
a
FIGURE 1: Number o f publ cations per annum on zlrconla-m ulllte
One o f the disadvantages associated with zln:onia-toughened com­
posites is the high cost o f Zr02 purified from zircon (u S IO j by 
chemical or thermal processing. Zirconla-mulUte, however, can be 
produced in s itu  from zircon by v irtue  o f the reaction;
2ZrS104 4 3A1203 2ZrOz + M A . B I O ,  (1)
zircon alumina zirconla muUUe
This processing route has been successfully used to produce ceram­
ics with good mechanical properties, compared to pure mulHte as 
shown In Table l .  The lite ra tu re  sources o f the data are shown In 
square brackets.
TABLE i :  Comparison o f m u lllte  and zlrconla-mulMte properties
Ceramic
Fracture Toughness Kle 
(MPa.ni«)
Fracture Stress of
Material
Single edgi 
notcn beam indentation
3-po1nt bend 4-polnt bend
Mu!1tte z  2 [113 2,2 [12] 215 [12] 269 [13]
Zirconla-
4,5 [14] 3,5 [15] 330 [16] 400 [14]
to re importantly, the mvtointcal properties o f z lreooiaw m jllite 
are comparable to those fo r alumina, typ ical strength and tough­
ness data fo r which are 350 MPa and 4,0 MPa.m% respectively [17]. 
In addition, wear by pa rtic le  Impact erosion shows good cost com­
petitiveness between z lrconla-m ulllte  and alumina [15]. This has 
important currmerr..al Implications. The mining and power Indus­
t r ie s  use considerable volumes o f debased alumina t l ie s  fo r pro­
tecting a variety o f steel components against abrasive wear 1n 
ore, fuel and ash handling s ituations. Plate 1 Illu s tra te s  a typ­
ica l application.
The purpose of th is  present study was to develop a reaction- 
sintered zircon-aiumlna body that would be cost competitive with 
com crda l 90% alumina t i le s  in  weir resistant applications-. 
Extensive use was made o f s ta tis t ic s / experimental assign, analy­
s is and optimization techniques. The dissertation has been 
divided in to two sections to r convenience. The f i r s t  discusses 
the lite ra tu re  o f z lrconla -m ulllte  pertaining to conventional 
processing. The second describes the experimental design and 
methoocioyy used, resu lts, discussion and conclusions.
PLATE l :  Ceramic t ' le  Hned mild steel bend. Courtesy of Multotec 
Manufacturing (Pty) Ltd.
The use of the terms zircon-alumina and zirconia-m ulHte requires 
some f le x ib i l i t y .  In the lite ra tu re  they appear to be used in te r­
changeably with zirconia-mulUte tending to be favoured as the 
generic name. In th is  dissertation a d is tin c tion  between the two 
has been attempted on the basis o f the phases existing in the 
fin a l sintered body. Zirconia-inullUe is  used to refer to a fu lly  
reacted stoichiometric ceramic. Zircon-alumina on the other hand 
is  used to describe ceramics formed by pa rtia l reaction or which 
are non-stoichiometr1c with respect to fin a l zlrconia-m ulllte  
formation. In th is  la tte r  case the term zirconia-m ullite  may be 
misleading.
1.2 HISTORICAL BACKGROUND
overview of i t s  h is to rica l development has been made. This is 
represented diagrammaticany in Fig. 2. As a generalization, cur­
rent research can be said to have developed from two research 
areas, namely a mechanistic processing approach and a material 
properties approach. Mechanistic processing research tends to 
place emphasis on phase eq u ilib r ia  studies and thermal properties 
of materials whereas material p-operties research places emphasis 
on mechanical properties 1n re lation to m icrostructure. Owing to 
in te rest in high temperature resistant materials on the one hand 
and low . ost toughened ceramic; on the other, both areas of 
research have merged with th e ir  respective t ra its .
MECHANISTIC PROCESSING RESEARCH MATERIAL PROPERTIES RESEARCH
Emphasis on chemical eq u ilib r ia  Emphasis on mechanical
and reaction mechanisms properties and microstructure
AljOj-SIOj binary system
3A1j03 •> 2ZrOj + 3A1203.2S102
General study of sintering chemistry 
and mechanical properties of
tion  toughening in zlrconi;
Zr02-A l203-Si02 ternary
tie s  of Zr02 m uillte  ceramii
FIGURE 2: H istorica l development o f zirconia-m ulH te research
1.2 .1  Mechanistie Procs$9ing Research
H is to rica lly  a key event in the development of zirconla-toughened 
m ulhte can probably be said to date from the Id e n tifica tio n  of 
m u lllte  by Bowe1'  and Greig 1n 1924 in  a study o f the alumina- 
s il ic a  binary system [18]. They determined its  composition as 
3A1203. 25102. There have since been reports of another form of
m u lllte  with the formula 2Al203.S i02 [13,18]. These formulae rep­
resent an alumina compositional range of 71,8 -  77,3 wt.%. The 
more usual form, 3A1203.2Si02, is  the form which w ill  referred 
to as m u lllte  in the text unless otherwise specified. This mate­
r ia l  has been shown to possess excellent properties both as a 
refractory and as an engineering ceramic. I t  exhibits good chemi­
cal and thermal s ta b il ity ,  high refractoriness, low creep rate, 
low thermal expansion and thermui conductivity, medium strength 
and toughness and, f in a l ly ,  useful d ie le c tr ic  properties. Some of 
these properties are compared against high pu rity  alumina in 
Table 2 [17].
TABLE 2: Comparison o f physical properties of alumina and m ulllte
Propet ‘■y Value Units
Alumina M ullite
Thermal expansion 
coe ffic ien t, 5,0 (25-800 C) (10-6/C)
D ie lectric  constant 6,6 (25 C, 1 MHz)
Bend strength Of 270 (MPa)
Fracture toughness Ku 4,0 2,6 (MPa.m*)
Vickers hardness Hv 18,0 11,0 (GPa)
Young's modulus 400 220 (GPa)
Poisson's ra tio 0,25 0,27
The preparation of m u llite  in the refractories industry is  usually 
by thermal decomposition of a mineral such as kao lin ite  in  an
e le c tr ic  arc furnace. Im purities present and non-stoichiometry 
cause the formation of liq u id  phases which resu lt in the growth of 
columnar needles and the formation o f ith e r  alum ino-silicate 
phases as well as considerable porosity. Once crysta llized ,
m u llite  1s pa rticu la rly  resistant to morphological change owing to
low ionic d lffu s iv it ie s  In Its  structure. For th is  reason pure
m u llite  is extremely d i f f ic u l t  to s inte r.
In  addition to alum lno-silicates, zircon is  also widely used in 
refractory and foundry applications, both 1n its  own r ig h t and as 
a precursor to zlrconia a fte r  decomposition. This decomposition 
occurs in the range I 500 - 1 650 C to form zirconla and an
amorphous s il ic a  phase according to eq. 2.
ZrSi04 1 EQO - X 650 C ^  + Sj0! (2)
Owing to the reversible nature o f the reaction zircon does not 
decompose fu lly  on its  own. The wide decomposition temperature 
range is  a reflec tion  o f the e ffect of impurities on the system 
which in turn a ffec t the zlrconia phases present on cooling. This 
d if f ic u lty  in c learly defining the zircon system probably accounts 
fo r the shortage o f phase diagrams on zlrconia-silica-m eta l oxide 
systems u n til re la tive ly  recently.
In order to assist the dissociation (eq. (2)) one o f the two prod­
ucts, zlrconia or s il ic a , has to be removed from the system. This 
is  conveniently done by the thermodynamically favourable reaction,
3A1203 + 2S10, — 3Al203.2Si02 (3)
m ullite
A lumlna-zirconia-sillca ceramics are used in  a wide variety of 
applications as feeder parts, k iln  fu rn itu re , crucibles and fu r­
nace lin ings. The ternary phase diagram describing the system was 
f i r s t  published in 1965 (F ig. 3). Materials based on th is  system 
are usually made by fusion casting or pressureless reaction 
sintering o f zircon and alumina. In terest in the reaction and 
denslfica tion k inetics o f the stoichiometric reaction described in 
eq. (1) necessitated the use o f purer reactants and more stringent
FIGURE 3: Phase diagram of the system Zr02-A l203-5102 (a fte r
Butikov and Litvakovskii) -  pg. 363 re f [18]
c •epjrative tschniaues than 1s generally required In the refracto­
ries industry. Tnc f i r s t  study of th is  nature was reported 6y 01 
Rupo, Cdrruthc-s and Brook in 1973 [7 ] coinciding with the In te r­
est teing shewn m zircania toughened engineering ceramics.
1.2.2 Mechanical Properties Research
Mechanical properties ceramics research places emphasis on the 
processing o f a material by control of i t s  fina l microstructure so 
as tc dtCdin desired mechanical properties. Thf; requires special 
a tten tion to raw material pu rity  and physical morphology (e.g. 
p a rtic le  size d is tr ib u tio n ), and care fu lly controlled processing 
ro jtes often involving pressure sintering.
The sintering o f high pu rity  dense m ullite  has proved to be 
d i f f ic u l t .  I t  is c r it ic a l ly  dependent on stoichiometry [ 11]  and 
requires sub-micron powders [11,13]. Sintering fo r several hours 
at 1 600 C has been shown to produce ceramics o f ~37% theoretical 
density and moderate strength (-200 h5a : b iaxial flexure on 30 tim 
diameter discs) [11]. Fully dense (3,19 g/cm3) m ullite  has been 
produced from amorphous alumino-silicates produced by hydrolysis 
of the s to ich loriie trically mixed alkoxide: [13]. This material was 
hot-pressed under vacuum at 6,8 MPa and 1 500 C fo r 30 minutes aid
found to have a strength of 269 MPa 1n 4-polnt bending. Hot 
pressing 1s necessary to a tta in  theoretical density owing to the 
great d i f f ic u lty  In sintering pure crysta llized  m u lllte . A 
raum te has also been produced by Jsmall and co-workers [19] with 
a reported flexural strength c f 385 MPa. The m ulllte  was synthe­
sized by calcining a boehmlte-slllca gel which was cold iso- 
s ta tlc a lly  pressed at 200 MPa and sintered to 988 density at 
1 650 C fo r 3 hours.
The studies by 01 Rupo and co-workers [7-10] of reactions taking 
place in the A1j 03-Zr02-Si02 system including the stoichiometric 
zircon-alumina reaction, was approximately concurrent with the 
discovery of toughening owing to the martensitic tetragonal to 
monoclinic (t-»m) transformation in zirconla [20]. U.ing th is 
concept, Claussen and Jahn [14] demonstrated the potential tough­
ening effects by incorporating zirconla in a m u lllte  matrix. This 
was achieved by manipulating the densification and reaction steps 
o f stoichiometric zircon-alumina mixes. A two-stage sintering 
sequence (Fig. 4) was used to s inte r an a t tr it io n  m illed s to ich io­
metric mix a t 1 400 C fo r 2 hours In it ia l ly ,  followed by 1 hour at 
1 600 C. This produced a dense material (3,75 g/cm3, >9816) with 
good strength (400 MPa) and toughness (*',5 MPa.m%). These figures 
are compared with other data In Table 1.
Since the work by 01 Rupo et a l. and Claussen and Jahn, Interest 
in the zircon-alumina system has been steadily increasing. 
However, progress in understanding and con tro lling the processing 
and properties has been re la tive ly  slow when compared w ith, for 
example, the zlrconla-alumina system. This is  undoubtedly due to 
the complexity of the reaction mechanisms Involving zircon, 
alumina, m u lllte , zirconla, s il ic a , various impurities or dopants 
and pores. The toughening ond strengthening mechanisms in the 
zirconia-alumlna system are, in addition, not d ire c tly  transfera­
ble to the inte rpreta tion of z lrconia-m ullite . Currently there is 
considerable research a c t iv ity  which has, as yet, to reach a uni­
fied  basis fo r Interpretation.
time (h)
Olagramatic representation o f 2 stage reaction s inte r­
ing schedule of Claussen and Jahn [1 4 ]. At (A) onljf 
zircon and alumina were detected. At (B) the reaction 
to zlrconla and muUlte 1s complete
Itime (h>
FIGURE 4: Dlagramatlc representation o f 2 stage reaction s in te r­
ing schedule of Claussen and Jahn [14]. At (A) only 
zircon and alumina were detected. At (B) the reaction 
to zirconla and muUlte is  complete
2. REACTION SINTERING THEORY
Reaction sintering In the A1203- system can be divided
into two areas fo r consideration, dinely chemlul and physical. 
These w ill  be c-onslderen separately In i>1s section.
2.1 LIQUID PHASEMTEfUHG
A -najor physical disadvantage In the processing o f dense zlrconla- 
m i l t t e  is  t'.e need fo r high temperatures and pressures. T h 'i has 
serious cost implications In comnerclal production. The use of 
suitable dopants that form liqu id  phases during s inte ring Is one 
way of overcoming th is  d if f ic u lty .  Sections 2.2.3 and 2.2.4 on 
the Quaternary systems w ill  ou tline the potential o f liq u id  phase 
s inte ring from a largely chemical viewpoint. In general the 
a ircon ia-m ullite  lite ra tu re  concentrates on processing in  relation 
to microstructure and properties and does not concern I ts e lf  with 
the actual mechanism of s inte ring. A m ajority of ceramics <iro 
fabricated with liqu id  phases present during sintering as has bem 
the casti fo r centuries with pottery and bricks among others. 
Liquid phase sintering generally provides su ffic ie n t internal 
force through cap illa ry action to achieve the equivalent of very 
large external pressures, thereby obviating the need fo r expensive 
processing technology.
There are, however, many practical disadvantages. Among these are 
liq u id  phase exudation, compact slumping, excessive grain growth 
and large pore formation. From a theoretical point of view the 
d if f ic u lt ie s  o f predicting behaviour are enormous. During s in te r­
ing there are three physical phases present namely so lid , liqu id  
and vapour. In a magnesia-doped zircon-alumina body reacting to 
form spinel, m u llitc , tetragonal and monoclinic zlrconia with the 
transient appeaniHKe o f saphirine there are at least eight chemi­
cal phases and also transient and pemanont liqu id phases present 
a t one time or another. This results In m ultiple s o lu b il ity , v is ­
cosity and d lf fu s iv ity  effects interacting with the various In te r­
facia l energies, ion ic m ob ilities  and general thermodynamic 
e ffects. Controlling liq u id  phase sintering 1s therefore neces-
s a r lly  an empirical a f fa ir , usually involving the manipulation of 
heating rates, soak time and temperatures together with other 
controllab le parameters such as dopant concentration and pa rtic le  
size o f raw materials.
2.2 CHEMICA L ASPEC TS OF PEA C TION SINTERING
There are two main processing routes to z ircc .ila -m ullite  ceramics. 
The f i r s t  and most Important com erc la lly  I t  by reaction sintering 
zircon and alumina as represented by equation (1). The second 
which 1s more o f research In terest is by reaction s inte ring a pre- 
mull i te  powder with zirconia as represented 1n equation (4)
3A1203 + 2510, + XZr02 ----------------- * 3A1203.2S102 + xZr02 (4)
The transformation of zircon and alumina to zirconia and m ullite  
can be represented by the single scheme shown in Fig. 5, showing 
c lea rly  the two d is tin c t stages of the reaction namely zircon 
decomposition and m u lllt iza tlo n . Figure 5 can also be represented 
In thermodynamic terms as illu s tra te d  In Fig. 6 [10].
FIGURE 5: Schematic representation o f zirccn-alumina reaction
5temperature (K)
‘ If, • :  s u n  ' (AG) versus temperature fo r the zircon-
u’ ur.i-ii * r i'c riid -m u i tu e  reaction a fte r Di Rupo and
thesf two stages w ill  tie considered in turn followed by a b rie f 
descrip tion of two quaternary systems consisting of 
SiO.. and CaCl and MgO respectively.
Dissociation o f zircon
In toe react,on represented m figs  5 and 6 i t  Is important to 
cootfCit the k inetics of the dissociation o f zircon or modify the 
thermodynamics as th is has a d irect e ffect on the formation of 
B'uPite and hence the microstructure and properties o f the fina l 
a to n a l,  fena and Do Aza [?1] reviewed the thermal s ta b il ity  of 
.-•icon as reported by a number o f authors since 1920. They found 
considerable disagreement with reports o f congruent melting at 
4d!i C and ?. SbO C, incimgruent melting a t 1 275 C, and dissocia­
tion from 1 400 • ? 000 C. They attributed th is  disagreement to 
incorrect analysis of experimental results, poor analytical tech­
niques and the use of zircon with large differences in the nature
1
and proportion o f Im purities. A typ ical analysis fo r ; freon mined 
a t Richard's Bay in Natal (R5A) 1s given In Tal.e 3, showing a 
to ta l Impurity content o f -0  8%.
Material
Supplier Ferro Industria l Products* 
Brakpan, South Africa
Type
Average pa rtic le  size (pm)**
% SlOy*** 32,0
" i f , 0,12
IC=D 0,09
% F # * 0,08
K m 0,02
1 NdjO
*■ "ined by Richard's Bay Mineral s, Richard’ s Bay, Natal, South A frica.
* Sedigraph 5000
*** Approximately 0,4% as free S102.
The e ffec t of these impurities can be elucidated with reference to 
Figs 7-9 [21]. Figure 7 represents the binary system o f Zr02-S10? 
showing the decomposition o f zircon occurring a t 1 676 C. Zircon 
tand, however, has s ign ifican t impurities of SiOg, AljOj and T102. 
Owing to th e ir low concentration in zircon these w ill  exist in the 
sub-system zlrcon ia -titanate , zircon, m ullite  and s il ic a  of the 
quaternary system Zr0?-Al203-S102-T102 as shown In Fig. 8. The 
f i r s t  formation o f a liqu id  phase w ill  be a t the 1 450 C Invariant 
point in the sub-system represented by 's ' 1n Fig. 9. This is 
226 C lower than that fo r the binary system in Fig. 7.
I
&
weight percent
FIGURE 7: Zr02-S102 system [21]
FIGURE 8: Solid state relationship in the Zr02-Al203-T102 system, 
(excluding solid  solutions) [21]
FIGURE 9: Projection through Si02 o f the ZrC^-AI^-SK^-TiC^
system showing phase boundaries and Isotherms [21]
The situation represented above 1s necessarily a simpler case than 
that lik e ly  to occur in practice as i t  omits the presence of solid 
solutions and other contaminants such as Fe203 that may be presant. 
However, i t  serves to il lu s tra te  the e ffect o f low impurity con­
centrations in forming small quantities of liqu id  pha«e that could 
have an enhancing effect on rates o f reaction and denslfication. 
The presence of liqu id  phases containing s il ic a  and tita n ia  has 
been demonstrated by Pena et e l.  [22] in sintered zircon as well 
as reaction zones between ru t i le  and zircon. While these inclu­
sions usually occur between grains, glassy phases have also been 
detected w ithin zircon grains. Pena and de Aza argued that 
although the presence o f impurities lowers the dissociation tem­
perature o f zircon th is  is  ins ign ifican t compared to the large 
lowering o f temperature at which liqu id  phases f i r s t  appear [ 21] .  
Assuming the v a lid ity  o f th is  argument the presence of Impurities 
dominates the k inetics rather than thermodynamics of the system.
2.2.2 Reaction o f A ^  andSiOi (mullitization)
The m u 'llte  system car be better appreciate- by considering the 
development o f the binary phase diagram of «'<02 and A12O3. 
Despite being the subject o f considerable research over the years 
the lite ra tu re  remains contradictory. This may be due to the 
sluggish k inetics often present in  these systems, resulting in 
differences o f In terpretation. Metastable phases and solid 
solutions, both highly susceptible to processing conditions, can 
occur which complicates the analysis o f such a system.
Bowen and Grelg [23] f i r s t  constructed a binary Al20?-Si02 pha-,e 
diagram in 1924 (Fig. 10) .  This diagram shows the presence of 
pure mul11te which melts incongruently at 1 830 C and having a 
fixed composition, SAI^O .^ZSiO, (71,8 wt.% A1;03). Subsequently, 
however, there have been con flic ting  reports, in pa rticu la r the 
ide n tifica tion  of mulHtes c f composition, 2Al203.S i02 (77,4%
AlgO,) and congruent melting of mulHte. Aramakl and Roy [24] 
revised the phase diagram showing a stable mul11te solid  solution 
in the range 71,8 - 74,3 wt.% (Fig, 11). They also demonstrated 
that m ullltes can be prepared from the 3/2 ra tio  up to 2/ 1, in d i­
cating the possible presence o f m u illte  with an alumina content up 
to 77,4%. This la tte r  material was prepared by arc-melting pure 
kao lin ite  and hydrateJ alumina. This work permitted an explana­
tion  o f the observed congruent melting, showing a melting point of 
1 850 C, but did not explain the incongruent melting observed ear­
l ie r  (Fig. ID).
I t  was Aksay and Pask [25] who explained both melting modes using 
a d iffusion couple experimental technique developed by Davis and 
Pask [26], This technique has proved effective fo r obtaining sta­
ble and metastable phase equilibrium data. Incorporating th e ir 
results with those o f other workers they proposed the phase dia­
gram illu s tra te d  in Fig. 12.
The diagram shows the presence o f a stable m uillte  solid solu­
tio n , a metastable silica-ordered m uillte  solid  solution and a 
metastable s ilica-disordered m uillte  solid solu tion . The stable
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FIGURE 10: The A ^ -S iO ?  system a fte r Bowen and Grelg [23]
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FIGURE 11: The AI2O3- 51O2 system according to Aramaki anrl Roy [24]
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FIGURE 12: The Al203-Si0? system according to Aksay and Pask [25]
mulHte has a solid solution range from 71,6 -  74,0 wt.% A1203 at 
1 813 C, melts incongruently at l  830 C in agreement w ith Fig. 10, 
however, can melt congruently i f  superheated.
The silica-ordered m ullite  has a solid  solution range up to 
-77 wt.% A1203 and melts congruenr.ly a t -1 880 C while the s il lc e -  
disordered m ullite  has a range extending to -83 wt.% A1203 and 
melts at 1 900 C. Aksay and Pask [25] concluded that metastable 
phase eq u ilib r ia  resu lt from various d if f ic u lt ie s  associated with 
nucleation o f phases. In general m u llite  formed a t temperature by 
a solid  state reaction is ordered and of the 3A1203.2S102 type 
while m ullite  formed from a liqu id  pnase is  disordered and o f tha 
2A1?03.S102 type.
The presence of dopants and impurities fu rther complicates the 
Al203-S102 binary system, however, despite a large number of 
Investigations (reviewed by Rodrigo and Boeh [11]) de fin ite  con­
clusions cannot be drawn. This is  due to contradictory informa­
tio n , a resu lt o f lack o f precise de ta ils and the use o f natural
raw materials which may have Introduced Impurity effects. D i f f i ­
cu lties  with experimental techniques may also cause problems. 
Dopants or Impurities often exist In so lid  solutions, analysis of 
which requires sophisticated techniques. Solid solutions of 
Zr02 In m ulllte  have been studied [27,28] and up to  35% Zr02 has 
been reported.
Solid solutions have also been reported fo r other oxides namely
Fe^O), Cr203 and T102 with s o lu b ilitie s  o f respectively 10-12%
above 1 300 C, 8-10 wt.% above 1 600 C and 2-4% above 1 300 C
[11]. The solid  solutions cause an Increase In un it ce ll volume. 
I t  appears that the presence of Fe^O;, T102, CaO and Zr02 f a c i l i ­
tate m u lllt iza tlo n  although there Is contradictory evidence on the 
e ffec t o f Fe20; [11].
2.2.3 r/w  AI^3-ZrOi -Stfy-CaO e/sr.vn
From the foregoing discussion i t  Is clear that In conventional 
ceramics processing any discussion o f the Al203-Zr02-S102 system 
has to take cognizance of the effects of Im purities. The possible 
Impact of these effects can be gained by considering the work done 
on four phase systems by Pena et a). [29-31], These studies con­
cerned the quaternary systems Zr0r A l2O3-S102-XO where XO repre­
sents CaO, MgO and T102 respectively. The T10; system has been 
discussed above in Section 2.2.1. The CaO and MgO systems w ill 
now be discussed b r ie f ly .
In the Al203-Zr02-S102-X0 system, Pena et &1. spe c ifica lly  studied 
the reaction;
(2+2X) Zrsi04+3A1203+X(A1203+Ca0) -
(2+2X) Zr02+3A1JO3.2S102+xCaAl2SI2O6 (5)
m ulllte  anorthite
where x was equal 0, 0,3 and 1 [29]. The relevant phase diagram 
Is shown In Fig. 13. The progress o f reaction was followed by
dila to iretry (F1g. 14) and quantita tive XRO (Fig. 15). The XRD 
analysis of the d iffe ren t phases was in terms of the relationships,
where Cz, C2S, Cm and CA are the concentrations of zlrconla, 
zircon, m u lllte  and alumina respectively.
The presence o f CaO had a s ign ifican t e ffec t on both denslflcatlon 
and reaction. The shrinkage behaviour fo r x=0 and x=l (Fig. 14) 
are quite d iffe ren t. Where no CaO was present shrinkage was 
smooth with respect to temperature. However, with x=l two stages 
were observed. In it ia l ly ,  (1 200-1 400 C) shrinkage was reduced 
re lative to the undoped material while above 1 400 C the contrac­
tion  increased s ign ifican tly  beyond that fo r the undoped material.
CaO (CZ)
FIGURE 13: Projection through the ZrO^-corner showing secondary
phases c rys ta lliz in g  during freezing from Zr02-A l203~ 
S10?-Ca0 mixtures containing 60 wt.% Zr02 [29]
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FIGURE 14: Shrinkage of x=0 and x=l samples as a function of tem­
perature [29]
The evolution o f both m utllte  and zlrconla was observed at 1 425 C
w ith respect to time (Fig. 15). with x = 0  the decomposition of
zircon and appearance o f m u lllte  occurred simultaneously. Increas­
ing additions of CaO increased the rate o f decomposition o f zircon
and formation of mulll-.e, however, the presence o f CaO resulted In
a delay before m u liit lza tion  began.
These effects on both shrinkage and reaction can be explained by 
the formation o f anorthite a t -1 200 C when CaO is  present. 
Recently Rincon e t a l.  [32] studied the reaction with x=l using 
XRD, electron microscopy and mlcroanalysls. They summarized the 
reaction sequence by the scheme shown 1n F1g. 16. The reaction 
sta rts with the formation o f anorthite and decomposition of 
zircon. The local co-existence of anorth ite, zircon and zlrconla 
produces a transient liqu id  phase corresponding to the lowest 
Invariant point o f the ZrlVAIaOa-S^-CaO system at 1 200 C 
(Point x 1n F1g. 13). This non-equ1)1br1um situa tion proceeds 
towards the fin a l pe rltec tlc  equilibrium point at 1 440 C In the 
zlrconla-m ulH te-anorthlte system (X*Y-»Z In Fig. 13). At higher
Time (h)
FIGURE 15: Evolution o f a and 8 'o r  compositions x=0, 0,3;' and 1
as a function of time, at 1 425 C [29]
FIGURE 16: Scheme o f the reaction sintering o f Zr0^-Al203- 5102-
C60 a fte r Rincon et a / . [32]. Z = Zr02, C = CaO, A = 
AI2O3, An = CaAljSljOij, M l- 3AI2O3.2SIO2, ZS = ZrS104
temperatures, anorthite disappears and a permanent liq u id  phase Is 
present together with alumina, m u lllte  and zirconla. I t  was also 
shown that as the m ulllte  grains grow they trap some Zr02 p a rti­
cles, and alumina grains which are prevented from reacting.
The microstructure of the CaO doped material showed m ullite  grains 
with an elongated rectangular prism morphology. The dimensions 
ranged from 5-10 ym 1n length and 1-2 ym wide. Two types of 
zlrconla were observed; one had a p a rtic le  size of <1 ym, was 
spherical and intragranular while the other was Intergranular, 
equlaxed and had a pa rtic le  size of 1-2 ym [29].
2.2.4 The A^Oj-ZrC^ -SIO^-MgO system
Investigating the AlgO -^ZrOg-SIOg-MgO system Mlranzo and co- 
workers [30] studied the reaction,
2ZrS!04+3Al203+x{Ai203+MgO) *  ZZrO^AUQj.ZSIOa+xA^MgO, (6)
zircon m u llite  spinel
As with the previous study the compositions Investigated were 
those with x=0, 0,3 and 1. The relevant phase diagram Is shown 1n 
Fig. 17. The reaction sintering was followed by XRD and d lla to - 
metry. XRO showed the formation of spinel (Al2Mg04) below 1 350 C; 
the presence of spinel, zlrconla and saphirlne (Al^Mg^S^O,;) 
between l  350 C and 1 425 C, and f in a lly  the formation of Zr02, 
spinel and mu!11 to between 1 425 C and 1 450 C with the disappear­
ance of saphirlne. The presence of a liq u id  phase accelerated the 
shrinkage (Fig. 18), however, there was no In it ia l  delay In 
shrinkage or m u lllt iza tlon  (F1g. 19) as reported fo r the CaO doped 
system.
Zircon decomposition and m u lllt iza tlo n  occurred simultaneously, 
both Increasing with Increased MgO content. Microstructures of 
the MgO doped material showed considerable porosity. A mono 
recent paper bv Mlranzo et aZ. [33], however, shows much more com­
pact mlcrostn.utures obtained with the same system.
2.3 PHYSICAL ASPECTS OF REACTION SINTERING
Whereas the chemical aspects o f reaction-sintering can largely be 
described In thermodynamic terms, the physical aspects are more
AjS, Wf,
FIGURE 17: Tentative projection of the primary volume of c rysta l­
liza tio n  of Zr02 on the opposite face (Al;>03-MgG-S102) 
of the tetrahedron Ala03-Mg0-S10i,-Zr02, showing phase 
Boundaries Isotherms and solid  state com patib ilities [30] 
Temperature (°C)
FIGURE 18: Sample shrinkage against temperature fo r tnree com­
positions x=0, 0,3 and 1 [30]
Time (h)
FIGURE 19: Evolution of reaction fo r x-=0, 0,3 and 1, plotted
against time at 1 450 C [30]
conveniently approached from a k ine tic  point o f view. Reactioii- 
sincsring essentia lly involves two Interacting phenomena, namely 
denslflcatlon and reaction. In the z lrconla-m ulllte  system both 
occur by Ionic diffusion o f the in i t ia l  species.
The d iffusion occurs by Ionic movement down stress gradients cre­
ated by applied pressure; chemical potenv.al gradients dictated by
thermodynamic eq u ilib r ia ; and by the existence of surfaces of
d iffe r in g  curvature. A major problem of analysing denslflcatlon 
k ine tics has been that of separating the contributions from d i f ­
ferent processes such as p a rtic le  rearrangement, p las tic  flow, 
la t t ic e  d iffus ion , and grain boundary or second-phase d iffus ion . 
A procedure has been developed [7 ] fo r Identifying successive 
stages in densifieatlon and is based upon the lin k  that occurs 
between denslflcatlon rate and reaction rate fo r a system in which 
the same d iffusing Ion is  responsible fo r buth processes.
For such a situa tion the re la tive  rate of denslflcatlon and re la­
tive  rate o f reaction are described by the equation.
(7)
where p and V represent the density of the green body and the con­
centration of one o f the original constituents respectively. The 
t  subscript Indicates the Instantaneous value at time t ,  S is  the 
probab ility  that the d iffus ing  atom takes part In the reaction, 
and G Is a geometrical factor which depends on the model used. 
Based on the grain boundary d iffusion model proposed by Coble 
(Fig. 20) fo r deformation by grain - boundary d iffus ion  [34,351, G 
has been calculated to have a value o f [35].
FIGURE 20: Diagrammatic representation o f the propred grain
boundary d iffusion model of Coble. The ;eactlng 
grains are assumed to be spheres, and material d i f ­
fuses through boundary layers to the gram surfaces 
adjacent to pores. A fter Anseau et a?. [36]
01 Rupo e t a l.  [7 ] proposed that the re lative rates o f densffica- 
tlon  and reaction fo r opt-pressed reaction-sintered zlrconla- 
m u llite  should follow that described by Fig. 21. The rates can be
seen to proceed in three distinguishable stages. I n it ia l ly  (A), 
denslflcation rate greatly exceeds reaction rate. This stage is 
characterized by pa rtic le  rearrangement, Secondly (B) i t  is 
assumed that both denstffcatfcm and reaction occur by grain bound­
ary diffusion and the slope o f the curve is  representative o f geo­
metrical and s ta tis t ic a l constraints. F ina lly (C), fu ll  dens lfl­
cation has occurred and fin a l reaction by d iffusion processes 
occur. The nature o f the p lo t described (Fig. 21) changes with 
d iffe r in g  applied pressures and temperatures and these effects 
w i ll  be discussed in the subsequent two sections.
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FIGURE 21: Plot of reaction rate and denslflcation rate fo r
hot-pressed zircon/alumina, - f te r  01 Rupo e t a ! .  [7 ]
2.3.1 Hot-press rsaction sintering
D1 Rupo e t a ! .  [S ] studied hot-press reaction s inte ring or' zircon- 
alumlna based on Coble’ s creep equation [35],
dp 47,5 Do w 1!
i t  " A T  ,8>
where Db Is the contro lling d iffusion coe ffic ien t 1n the boundary 
phase, w Is the width o f the boundary phase, L is  the grsfn size, 
(1 the volume o f zircon and alumina transported by one atom o f the 
rate-contro lling species and Pa the applied pressure.
The denslflcation rate was shown to be lin e a rly  dependent on
applied pressure in agreement with Coble. Of pa rticu la r Interest 
was the e ffec t of dopants on the denslflcation rate . Figure 22 
shows the e ffec t of NazO dopant addition on the denslflca tion rate 
at the temperature and pressure shown. This was Interpreted as
increasing the Boundary width w In equation (8 ), as explained In
equation (9),
w = w0 + k [Na20] (9)
T . /
Weight Fraction Na 0/10" %
FIGURE 22: Relationship o f denslflcation rate o f zircon-alumlna
on the variation o f Na20 content [8 ]
where w0 Is boundary thickness In an undoped sample, k Is a con­
stant and [Na20] is  the concentration o f Na20. From the intercept 
i t  was deduced that In the l im it  of the model there was a boundary 
phase layer equivalent to -0,25% Na20. This was 1n close agree­
ment to the analysis of Impurities in the zircon and alumina given 
as % HO and M20.
The denslflcetlon and reaction rates were measured on an undoped 
stoichiometric mix at constant temperature with varying applied 
pressure and a t constant pressure with varying temperature. The 
results are shown in Figs 23 and 24 respectively and 1n both cases 
show that the pattern follows that outlined In F1g. 21.
s
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FISVRE 23: Relationship between denslflcetlon and reaction rates
fo r zlreon-alumlna reacted under d iffe re n t pressures 
as reported by 01 Rupo et a l.  [8 ]
2.3.2 Pressureless reaction sintering
The re lative densifIcatlon and reaction rates were s im ila r ly  stud­
ied fo r pressureless reaction sintering at d iffe re n t temperatures 
as shown In Fig. 25 [9 ],
The d e fin itio n  between the three stages Is much loss clear than 
fo r the hot-pressed system, pa rticu la rly  at lower temperatures.
Relative rate of densification/IO 's
FIGURE 24: Comparison c f reaction rate and denslflcatlon r
fo r hot-pressed material [9 ]
Relative rate of donsification/hour
FIGURE 25: Cenparlson of reaction and denslflcatlon rates for
pressureiess reaction-sintered zlrcon-alumlna. a fte r 
D1 Rupo e6 aZ. [9 ]
I
These differences are c learly shown by comparing the densfflcatlon 
pro files  o f hot-pressed and pressureless sintering illu s tra te d  1n 
Figs 25 and 27 respectively. In Bressureless sintering the lower 
temperatures show a clear denslficatton p ro file . This anomaly is 
Jue to the reactants having a higher density (-4,3 g/m3) than the 
products (-3,8 g/cm3) and denslfylng faster than the reaction. 
This means that the model based on the same ion involved In 
denslficatlon being Involved in reaction does not hold true under 
a l l  conditions. This v a r ia b ility  was used to advantage by 
Claussen and Jahn [14] as has already been described in Fig. 4. 
The densities achieved fo r z irconla-m ulllte by simple p ro file  
sintering without pressure are low, giving values o f about 96% of 
tne theoretical density. Denslfylng the reactants p rio r to reac­
tion attains greater than 98% of theoretical density.
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FIGURE 26: Denslficatlon data during hot-pressing of zircon- 
alumlna a t constant pressure and varying temperature [9]
Time/hours
FIGURE 27: Densif1cat1on data during pressureless sintering of
zlrcon-aiumlna a t varying temperatures [9 ]
2.4 SUMMARY
Reaction-sintering pure z ireon ls-m ulilte  is a complex process 
requiring high temperatures and pressures which presents certain 
lim ita tions to Its  wide-spread commercial use. Hot-press reaction- 
sintering at suitable pressures and temperatures can resu lt In a 
steady-state denslflcation/reaction relationship. At lower 
sintering temperatures and In the absence of pressure, however, 
there Is a tendency fo r reactants to density p rio r to reaction. 
This phenomenon has been exploited to achieve high density ceram­
ics In the absence of applied pressure.
The addition of suitable dopants has the fa c i l i t y  o f lowering the 
densificatlon and reaction temperatures which Is commercially 
a ttrac tive . The doped systems are, however, complex and detailed 
knowledge of the Interaction of phase chemistry with the physical 
processes o f sintering is  essential to producing gnod quality 
ceramic bodies.
3. MECHANICAL PROPERTIES AND PROCESSING
Zirconla-m unite research has developed rapid ly since Its  incep­
tion  and research Interests now cover a wide range. A survey of 
recent publications (post 1385) cavers a range o f  tapirs including 
s lip  casting [3 7 ]; processing from plasma sprayed zircon [33], 
dissociated zircon [3 9 ], amorphous zircon and alumina [4 0 ]; and 
development of SIC whisker reinforced bodies [4 1 ]. Investigations 
of microstructure and properties are using more sophisticated 
techniques including TEM [4 2 ]; acoustic emission [43] and catho- 
doluminescense [44]. These studies are not d ire c tly  addressed 
here as the focus o f the present work is  on strengthening and 
toughening mechanisms. This section therefore describes the s a li­
ent factors affecting  toughening and strengthening mechanisms in 
ceramics in general with reference to z lrconia-m ullite  studies 
where available. There then follows a general descrip tion o f proc­
essing effects on mierostrurture and properties which has the pur­
pose of ou tlin ing the state of the a r t a t present.
3.1 TOUGHENING AND STRENGTHENING MECHANISMS
The theory o f toughening and strengthening mechanisms operating 1n 
zirconla-m ullite  have largely been worked out on other ceramic 
systems, in pa rticu la r on zfrcanla, alumina and zirconia-alumina. 
The intensity of research on zlrconla, and zirconia-alumina sys­
tems h«s not been matched in z lrcon ia -m ullite , and attempts to 
d ire c tly  relate mechanisms o f transformation and microcrack tough­
ening have not proved altogether successful. Part of the problem 
can be attributed to d if f ic u lt ie s  inherent in testing techniques. 
For various reasons d iffe ren t toughness testing techniques can 
give very d iffe re n t results [45]. Although variations o f tough­
ness with test technique has been given some attention [45-47], 
th is  is more often than not Ignored when quoting data from the 
l ite ra tu re . Under these circumstances there is  a very real danger 
o f a rriv ing  at incorrect conclusions concerning the properties of 
a m ateria l. Idea lly a range of tests under d iffe re n t conditions
should be conducted In order to characterize a ceramic fo r a par­
tic u la r  application. This Is both expensive and time consuming 
and 1s thus rarely carried out. Variation 1n toughness data is 
generally small fo r zirconla-m ulllte  when compared to zlrconla- 
alumlnas and th is  reduces the importance o f th is  particu lar 
problem.
Strength tests pose a d iffe ren t set o f considerations when compar­
ing data from d iffe ren t sources. Considerable differences In 
results can be achieved through variation 1n sample dimensions and 
testing geometry. For example 3-po1nt bending usually gives
20-30% higher strength figures than 4-po1nt bending. I t  1s there­
fo re , Important to consider care fu lly the relevance o f test tech­
nique to the end-use of the material or problem being studied.
A number o f toughening mechanisms have been proposed In ceramic 
m aterials. These have mostly been studied In specific materials 
where a pa rticu la r mechanism Is c learly dominant. The situation 
with zirconla-m ulllte  Is more amb'guous fo r two apparent reasons. 
F irs t ly ,  there 1s a considerable range of microstructures and com­
positions covered under the term z irco n la -m u lllte ', and secondly 
toughening may resu lt from several In teracting mechanisms with 
none clearly dominant.
The best known toughening mechanism operating In zlrconla systems 
1s that due to transformation toughening which has received an 
Immense amount of inte rest and has been widely reviewed [6,48-53]. 
Considerable research and discussion has also been focused on 
microcrack toughening [1,54-56]. In zlrconla systems these two 
mechanisms tend to dominate the properties. Other less important 
mechanisms also exist such as crack deflection toughening. The 
dispersion o f a second phase In a ceramic matrix results 1n com­
plex stress fie ld s  due to thermal and e lastic  mismatch. These 
stress fie ld s  Interact with that surrounding a crack and can 
resu lt 1n a toughening Increment. This has been studied by Lange 
[5 7 ]. General mlerostructural considerations such as crystal 
type, shape, size end orientation also play a rolo.
Wallace e i a l.  [58] have shown that transformation toughening :s 
e ffective  In zlrconld-mulMte (Fig. 28). They found that the <mu- 
sual m lcrostructural develoiment involved In reaction-sintering 
formed round zlrconia partic les which resulted In the tetragonal 
phise being stable with a pa rtic le  size o f up to approximately 
1,; urn. This compares with a maximum of approximately 0,5 yin In 
s irtered composites such as undopea zlrconla-alumlna.
i
Transformable Tetragonal Fraction, %
FIGURE 28; Measured fracture toughness o f reaction sintered 
zlrconla-m ullite  as a function o f transformable 
tetragonal z lrconia , a fte r Wallace e t a l.  [56]
Grain boundary toughening due to the presence of so lid  solutions 
has been proposed by Moya and Osenai [12,27] in sintered zirconia- 
n ' j l l l t e .  A thermodynamic mechanism was proposed [59] involving an 
e .astic  energy term related to the solid  solution interface 
between zlrconia and m uillte  grains as determined by TEM [2 6 ]. I t  
may be argued that th is  toughening mechanism is  sim ilar to crack 
deflection toughening.
More recently microcracking and twinning o f transformed zlrconia 
has been shown to exist in  doped [42] and sto ichiometric [60]
zlrconla-tniiU lte. Twinned crystals tend to exh ib it a certain 
degree of debonding between grain and i -.‘ r lx .  This suggests 
ioughenlng In these systems to be mlcrocrack. related.
The examples o f toughening mechanism?, described above have been 
studied on zirconla-mulMtes processed by very d iffe ren t routes. 
Some aspects o f processing and the effects on properties w ill be 
discussed In the next section.
3.2 THE EFFECT OF PROCcSSING ON PROPERTIES
3.2.1 Influence o f dooants
The most extensive work on the effect of dopants In t;ie Zr02 - 
m u llite  system has been undertaken by Pena et a l .  [29-31] using 
CaO, MgO and T102. Their results are summarized In Table 4. The 
dopants were added stc lchlom etrlcaily so as to form spinel, alu­
minium tltanate and anorthlte respectively fo r MgO, T102 and CaO, 
as minor phases In a Zr02-mu!Hte ceramic.
TABLE 4: Effect o f dopants on ZrOj-mulllte properties drawn from
refs [29-31]
Minor Phase Vol % Of (MPa; 
3-polnt
K,c (MPa.m%) Firing Temp 
(C> (Hr!)
Spinel 6.4 4 * 1 500 0,25
18.8 4.5 1 450 1.5
Aluminium 1 500 !
Tltanate 4.7 1 500 2
Anorthlte 4 4 I 450
29.6 4.3 1 ,50
The volume percent of minor phase present In the s'ntered product 
has a strongly deleterious effect on strength as is  Illu s tra te d  
In Fig. 29. This Is a major disadvantage of using liq u id  phase
t * aluminium titanote 
c = anorthite
.
;,| Percent volume minor phases
FIGURE 29: Plot of strength versus volume percent o f minor phase
sintering which Is prim arily « nloyed to lower s inte ring tempera­
ture and hence reduce production costs. In these materials no 
relationship was observed between the tetragonal zirconia content 
and strength or toughness which d iffe ren tia tes them from the 
undoped material studied by Hall-ce a t a t. [58] 'F1g. 28).
The only other dopant reporteu .n the lite ra tu re  1n th is  system 
has heen Y203. This work by Jo lie t e t a l.  [61] showed that the 
addition o f y t t r ia  increased the amount or mechanically trans­
formable zirconia. However, toughness remained constant below 
5 wt.% Y203 addition and then decreased. This also supports the 
view that transformation toughening may be of only marginal sig­
nificance In doped zlreonla-mulHte. The variation In Young's 
modulus and porosity in the materials examined indicated substan-
6
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t ia l  m lcrostmctural variation which could have masked effects due 
to tetragonal zlrconia. Also the method oV measuring toughness 
was by Vlcker's Indentation which tends to give a r t i f i c ia l ly  high 
toughnesses 1n porous materials which adds another potential 
source of variation. The hardness results reported were very low 
a t 4,5 - 6,0 GPa compared to 12,6 GRa reported fo r undoped 
zirconla-m ulHte [15].
3.2.2 Variation o f stoichiometry
The stolchiomet j  o f reaction sintered zlrconla-m ullite  can be 
varied by adding either s il ic a , or excess zircon or alumina. Ty 
manipulating tne stoichiometry in th is way Orange et a l.  [16] 
studied the properties of three z 'rcon la-m ullite  mixes, two of 
which had varying quantities o f residual alumina. The materials 
were a l l  sintered in a single steo process with 1,8 wt.% magnesia 
added as a sintering a id . The wintering de ta ils and mechanical 
properties are summarized 1n Table 5.
TABLE 5: Processing and properties of data fo r various zirconla- 
alumina-muUltes (from Orange et s i .  [16])
Composl- Vol.% of 
phases present
Sintering 
temp. (C;
Sintering
(Mrs) (MPa) (MPa'.mfy
■
75% minute
,500 0,25 4,6
■
56% mm Hte 
26% A1203 
18% ZrO.
,50= 0,5 4.75
-
11% mm m e
17%
,5 00 '
Composition 1 c learly showed the effects o f liq u id  phase sintering 
with m ulllte  needles in excess o f 10 microns long with rounded 
z lrconla partic les both In te r- and intragranular. This d iffered 
greatly from compositions 2 and 3 which showed faceted In ter- and 
intragranular zlrconla with faceted m u lllte  and alumina, with an 
average grain size o f 3 and 2 microns respectively. Composition 2 
tended to have larger more rounded grains than the high alumina 
m ateria l. The large grain size of the stoichiometric composition 
occurred despite a very short sintering time.
A fractographlc study of four zl-cania-mulHte-alumtnas showed 
that d iffe ren t fracture behaviour and microstructure could be 
engineered with materials of Identical chemical -omposltlons [43]. 
The materials were processed according to the stoichiometry o f the 
equation
2ZrSiO« 0,3(Mg0 + A1203) + 7,4A1203 •> (10)
2ZrU2 + 3A1203.2S102 + 0,3MgO.Al203 + 3,4A1203.
The microstructure was modified by varying the dopant using either 
spinel or magnesia, and varying the sintering time. The mechani­
cal properties are reproduced in Table 6, The choice o f lower 
s inte ring time was due to larger volumes o f lu .'er-v iscoslty liqu id  
phase which can form at low temperatures due to possible MgO-SiO; 
phase formation.
TABLE 6: Mechanical properties of zirconla-mulllte-alumlna a fte r 
Baudln e t a l . [43]
Sample Dopant Sinterlng^Time Toughness
(MPa.m*)
Strength Weibul1
1 Spinel 4,3 ±0,4 316 ±33 9
2 Spinel 4,1 ±0,2 273 ±26 7
3 Magnesia 3,9 ±0,2 341 ±33 12
Magnesia i™ 4,2 ±0,2 10
Two general observations from the data are that the magnesia doped 
material produces ceramics with higher strengths, as does lower 
time o f s intering. The strength and toughness of these material* 
appeared to be due to microcracklng and crack-deflectlon. The 
contribution o f zirconia seemed to be strongly related to the 
nature of the grain boundaries. The magnesia-doped material showed 
the existence of a continuous composition change across grain 
boundaries whereas the spinel-doped material showed microcracklng 
phenomena around the zirconia boundaries suggesting the presence 
c f glassy phases. The higher strength of the magnesia, low-time- 
slntered material was attributed to the absence of microcracks 
w ith crack-deflection as the toughening mechanism.
The reduction In strength with time o f sintering suggests that 
equilibration o f chases may resu lt In a growth of Intergranular 
glassy phases due to Im purities. In addition the longer sintering 
times w ill  resu lt In a Linger average grain size which w ill  also 
be deleterious to properties. The presence o f excess alumina 
probably has a number o f effects namely, preventing excessive l iq ­
uid phase formation, in h ib iting  m ullite  grain growth, while acting 
as stress concentrators and microcrack in it ia to rs .
The two papers discussed in th is  section support evidence of a 
m u lti-fac to r toughening mechanism in zirean la-m ulllte  and suggests 
better properties can be achieved with excess alumina with the 
z irconla -m ullite  reaction.
3.2.3 Other factors affecting processing
Processing reaction-sintered z lrconla-m utlfte Involves the In ter­
action of a great number- of factors, most of which have bten stud­
ied at one time or another although few have been studied 
together. A typical approach used in investigating the zirconla- 
m u llite  system is  to study tne effect o f e ither stoichiometry or 
dopant concentration, along with sintering temperature and time, 
against either properties or microstructure. Probably the most 
systematic study of th is  nature was by Lerlche et : 1. [ 62] who 
studied the e ffect of magnesia content, f i r in g  temperature and
time on the denslflcatlon degree of reaction and microstructure 
of reaction sintered zlrconia-mulMte. They found the optimum 
magnesia cont-'nt to be between 1 and 2X with higher contents hin­
dering m ultlte  crys ta lliza tio n . Increasing time, temperature and 
magnesia u ltim ately leads to substantial z lrconla and m ulllte  
grain growth. Zlrconla grain growth was shown to occur by a 
disso lutlon-preclp ltatlon mechanism.
The pa rtic le  size o f the alumina powder can have a major effect on 
the s inte ring behaviour of z1rcon1a-mu1lite. Moya et a l. [63] 
studied the effect of a 0,5 pm and 3,6 pm average pa rtic le  size 
alumina 1n calcia and magnesia doped materials. They found that 
the fin e r  alumina compacts showed excessive grain growth and l iq ­
uid exudation to the surface. This did not occur with compacts 
containing excess alumina.
3.3 SUMMARYANO BACKGROND TO EXPERIMENTAL DESIGN
3.3.1 Summary
Processing trends In th is  system have developed, favouring doped 
routes usually involving calcia and magnesia although m a n ia  and 
y t t r ia  have also been studied. Liquid phase sinte ring , unless 
care fu lly  controlled, can result in excessive m ulllte  and zlrconla 
grain growth. This can be controlled by varying pa rtic le  size, 
temperature and time o f s inte ring, amount o f dopant and s to ich i­
ometry pa rticu la rly  in the form of added alumina.
Toughening and strengthening mechanisms have been evaluated and 
although transformation toughening has been demonstrated, the con­
sensus o f opinion is  that th is  Is unimportant re la tive  to other 
mechanisms. These are believed to be a combination of microcrack 
toughening and m icrostructural effects such as stress concentra­
tion points and grain boundary phases. Over-sintering can occur 
and results in poorer properties probably due to re lie f  of In te r­
nal stresses or increasing glassy phases a t grain boundaries or a 
combination o f the two.
3.3.2 Background to Experimental Design
Extensive use has been made of s ta tis tica l experimental design 
techniques during the course o f th is  investigation. These were 
based on fa c toria l designs, response surface methods, m u lti-fac to r 
analysis of variance and component estimation methodology. An 
extensive bibliography [64-70] and standard computer techniques 
were used in support. The la tte r  spe c ifica lly  used the Quattro 
spread sheet package (1967 version) by Borland International for 
data manipulation and Statgraphlcs (version 2.6) by STSC Inc. for 
s ta tis t ic a l analysis and graphics generation.
Classical research, in  determining the effect o f variables on a 
measured parameter, is  based on the one-parameter-at-a-t1me 
(OPAAT) method. This method, in which experimental factors are 
varied one a t a time, with the remaining factors held constant, 
was formerly regarded as the only correct way to conduct research. 
This approach provides an estimate of the effect o f a single va ri­
able at a selected fixed point in a m ultlvariaole space. However, 
fo r such an estimate to nave any general relevance, I t  Is neces­
sary to assume that the e ffec t would be the same at any other 
point in the m ultivariable space. In re a lity , th is  Is rarely the 
case. As a result there has been growing inte rest In the design 
and analysis of multiparameter experiments, which allows greater 
depth, precision and comprehensiveness to be attained in 
research.
Multiparameter experiments based on fa c toria l designs have the 
fo llowing advantages over 'OPAAT' methods.
• For s ta tis tica l reasons they determine the e ffec t of variables 
with greatur precision fo r a given number of runs. For exam­
ple a factoria l experiment requires eight runs to measure the 
effects o f three parameters, whereas an 'OPAAT' design 
requires 24 runs to a tta in  the samu precision.
• They can detect and measure Interactions between variables In 
a manner not possible fo r 'OPAAT' designs.
• They provide a means of quickly optimizing or minimizing a
desired parameter by suitable manipulation of variables, a
task that is  d i f f ic u l t  fo r 'OPAAT' designs.
» The data obtained from fa ctoria l designed experiments is m  a
format which 1s Ideal fo r computer aided mathematical model­
ling  and s ta tis t ic a l analysis.
A pa rticu la r characteristic o f the data produced 1n experimental 
designs is often the appearance o f, fo r example, poor mechanical 
properties which would not normally be taken in to consideration In 
classical experimental procedures. Tnis data 1s, however, c r i t i ­
cal in d irecting the course o f fu rther experimentation. The power 
of the technique lies  in the phenomenon that no Information is
The central feature of the techniques Is the princip le o f ortho­
gona lity. Orthogonality in experimental design enables several 
parameters to be investigated in a care fu lly designed experiment 
so that Information about each is  unambiguous when analysed. Many 
designs are available with varying degrees of complexity and are 
co lle c tive ly  termed orthogonal or fa c toria l designs. One special 
feature of fac toria l designs Is that they also provide quantita­
tive information on parameter Interactions which Is often c r it ic a l 
to understanding complex systems. The basis of these techniques 
was developed by Fisher [70] In the tSZO's while working on 
Increasingly complex agricu ltura l f ie ld  t r ia ls  la id  a t Rothamsted 
and elsewhere in England. Typical problems being studied were 
experiments comparing the y ie ld  from several varieties o f wheat. 
In experiments of th is  m ture I t  was d i f f ic u l t  to separate the 
effects o f the d lffe ru  I wheat varieties from other important fac­
tors such as weather ■ ondlfons, type o f s o il,  position m fie ld  
and variances 1n fe r . i i iz e r  and minerals among others. Another 
d i f f ic u lty  was separation of experimental error due to extraneous 
variations due to the parameters being r.vestlgated. While study­
ing these problems Fisher 1a1d down the basis o f analysis of va ri­
ance which has since found applications in a wide variety of
The use o f orthogonal designs has pa rticu la rly  been developed In 
China and Japan 1n recent years fa r experimental optimization and 
Is considered to be a major factor in the success of Japanese 
quality control groups. Yin and JU H e In a recent paper [713 
emphasized the lack of awareness of these methods In America which 
would severely l im it  competitive effic iency, he probable reason 
fo r th is  is the extreme r ig id ity  with which oithogonal designs 
tend to be treated In the West which re s tr ic ts  usage to the domain 
o f s ta tis tic ia ns . There Is , however, a heuristic approach which 
can be used to encourage experimenters to design more complex and 
re a lis t ic  experiments, while avoiding the Involvement of r ig id  
s ta tis t ic a l assumptions. Certain simple precautions can be taken 
such as the use o f reverse Yates algorithm fo r residual analysis 
[ 72 j to check fo r errors and ta r use o f normal p robab ility  plots 
to check data. The greatest drawback o f using th is  approach Is 
that an injudicious design may result in a great deal o f time 
wasting. Cnatfiuld [u .ij in ins chapter on "planning the experi­
ment" pa rticu la rly  emphasizes that (..ireful planning In conjunct- 
a j - ' i  tnowlcilga ef  the system is essential p rio r to laut, 
into experimental design, I t  is useful, however, to u^e . 
two- or three-parameter experiments to build up th is  knowledge anu 
to .ud in selecting the more important parameters fo r optim ization.
These torments on the experimental approach adopted are expanded 
in Appendix A with appropriate examples fo r readers unfamiliar 
with fa ctoria l design methodologies.
SECTION 2: EXPERIMENTAL, RESULTS AND DISCUSSION
4. EXPERIMENTAL DESIGN AND METHODOLOGY
The purpose of th is  study 1s to determine the fe a s ib il ity  of 
replacing debased aluminas with z lrconia -nuilllte  fo r abrasive wear 
resistant applications. In order to be competitive the processing 
conditions are constrained w ithin the lim its  set by debased alu­
mina manufacture. As a resu lt the objectives can be spe c ifica lly  
defined.
4.1 OBJECTIVES
These can b: considered in two groupings, namely target material 
properties and processing lim ita tions. The former are lis te d  in
TABLE 7: i'unmary of physical properties of current commercial alu-
Property t o n . Results
Bulk Density g/cm3 3,5 • 3,6
,« ,r mg/g SIC
onS/partlcle impact
Strength MPa
Wei bu ll Modulus 30
Klc (indentation) MPa.ro1* <2,5
Hv GPa 10 -  11
Young's Modulus SP, 270
The production lim ita tions are essentia lly those that apply to 
current comercial alumina t i le  manufacture. These are outlined 
In the production flow chart in Fig. 3D. Any laboratory develop­
ment work should bn essentia lly equivalent to the production 
technology, or be as close an approximation as available fa c i l i ­
ties  allow.
4. EXPERIMENTAL DESIQN AND METHODOLOGY
The purpose o f th is study 1s to determine the fe a s ib il ity  of 
replacing debased aluminas with zlrconla-m ullIte  fo r abrasive wear 
resistant applications. In order to be competitive the processing 
conditions are constrained w ithin the lim its  set by debased alu­
mina manufacture. As a resu lt the objectives can be spec ifica lly  
defined.
4.1 OBJECTIVES
These can be considered 1n two groupings, namely target material 
properties and processing lim ita tion s . The former are lis te d  'n
TABLE 7: Summary of physical properties of current conmerciai alu-
Property LWU Results
Oulk Density g/cm3
cm3/part1cle Impact
Strength 207
Welbull Modulus
Kte (Indentation) MPa.m% <2,5
Hv GPa
Youn"' ■ Modulus GPa
The production lim ita tions are essentia lly those that apply to 
current commercial alumina t i le  manufacture. These are outlined 
In the production flow chart In Fig. 30. Any laboratory develop­
ment work should be essentia lly equivalent to the production 
technology, or be as close an approximation as available f a c i l i ­
ties  allow.
Maximum temperature 1 490 C
QUALITY
CONTROL
FIGURli 30: Production flow chart and comments
Thera were four major differences between the laboratory and pro­
duction processes, namely a t the m illin g , drying, pressing and 
f ir in g  steps. M in ing In the production environment was a blend­
ing rather than a comrlnuUlon step In a ball-ml 11, whereas in the 
laboratory m illin g  was used to va.y pa rtic fe  size in an a t tr it io n
The second difference was In the drying o f m illed powders. There 
were no spray-drying fa c il i t ie s  .apable of the output required In 
the laboratory so conventional batch oven drying, followed by 
sieving, was used. This resulted In laboratory powders with much 
poorer flow properties when compared to production powders. Spray- 
drying also permitted the use of suitable additives such as waxes 
which aided the flow properties. This was not feasible with oven 
drying owing to homogeneity and powder agglomerate shape d iffe r -
The th ird  difference was in the nature o f the presses. The pro­
duction press has an automatic powder feed and uniaxial action 
capable o f reaching pressures of 60 - 70 MPa. In the laboratory 
uniaxial pressing of 2 - 10 MPa was followed by cold Isostatic 
pressing to a pressure of 200 MPa. Any major differences due to 
the two methods were discounted by a simple comparative te s t. 
Ceramics produced by pressing spray-dr alumina powder using 
both techniques had toe same densities and mjcrostructures.
The fin a l d1f,erence was in the nature of the f ir in g  cycles. These 
d iffered considerably in time. Tht.r,e are reproduced In Table 8. 
Once again, any major differences were discounted by comparing 
densities and microstructure o. t i le s  fire d  using both cycles.
TABLE 8: F iring cycles fo r production and laboratory processing
PRODUCTION LABORATORY
Heating
Temperature
(C)
Time
Heating
(C/hr)
Temperature
(C) ( K )
100 500 300 500 1
150 1 450 300 2
0 300 end
300 end
4.2 EXPERIMENTAL
Based on the material and processing objectives and lim ita tions 
outlined in the previous section, the following generalized exper­
imental techniques wei% used.
4.2.1 Processing
For powder processing one o f two a t tN to r  m ills  were used depend­
ent on the mass of powder required by the experiment. Both m ills  
were Netzsch Mollnex laboratory a ttr ito vs  of the same general 
design and differed only in th e ir capacity. The smaller m ill had 
a charge capacity o f 250 g o f powder and 1 200 g of 2 rrr. diameter 
zfcoR la mi i t  ing beads tv which was added typ ica lly  150 ml d is­
t i l le d  water and 2 wt.% 200 Mwt polyethylene glycol as a binder. 
*re larger m i l  had a charge capacity of 1 500 g and 6 kg of the 
rirccm a m llin g  media. Added to th is  was typ ica lly  1 to 1,75 I  
of O’ s ti l le a  water and 2 wt.% polyethylene glycol.
Four pc«dcrs were used depending on the purpose o f the experiment, 
'resc are lis te d  in Taole 9 with specifications in Tables 10 and
TAB'.E 5: Powders used du'Ing experrr"ntal work
Z irc n Alumina
Grade 2 micron BACO MA4LA ALCOA A16SG
Average
Partic le = ,S6 5,5 0.3,
Ferro Industrial 
Products, Brakpan.SA 
Mined by Richard's Bay 
Minerals, Richards Bay, 
Natal, SA
BA Chemicals 
Ltd, Chaifont 
Park. Gerards 
Cross, Buck­
inghamshire, 
England
Aluminium Co, 
o f America, 
Pittsburgh, Pa
TABLE 10: Chemical ana lys is  as provided by supp lie rs
Type
Zircon Alumina
superfine BACO MA4LS ALCOA A16SG
% A1203 0 . 1 2 0 , 1 2 99,7 99,5
% Zr02 65,9 65,9 -
x s to . 3 2 , 0 * 3 2 , 0 * 0 , 0 5  -  0 , 0 7 0 , 0 3  -  0 , 0 7
% Na20 - 0 , 0 2  -  0 , 0 4 0 , 0 8  -  0 , 1
% Fe203 0,08 0 , 0 8 0 , 0 ?  -  0 , 0 4 0,01 -  o , o :
% CaO 0,09 0,09 0 , 0 2  -  0 , 0 : -
% MgO 0 ,0 2 0 , 0 2
ign ition 0 , 2 0 0 , 2 0 0 , 1  -  0 , 2
Approximately 0,4% as free S102
The powders were m illed fo r 1-6 hours and then oven dried fo r 3 
hours a t 130 i o i l  owed by 3 hours a t 80 C. This ensured a con­
s is ten tly  dried powder and avoided carbonization of the binder. 
The drmd powders were then granulated through a 600 pm sieve fo l-  
lowtd Dy a 300 pm sieve.
Green compacts were formed by uniaxial pressing to a pressure of 
2-10 MPl dependent on the size o f compact. The size and shape of 
compacts with respect to the nature o f tests to be conducted on 
each are suirniarized 1n Table 12. Once formed the compacts were 
cold isos ta tica lly  pressed a t 200 MPa.
The compacts were fire d  in a Carbolite RHF16/10 furnace controlled 
by a Eurotherm Type 818 Programmer.
TABLE 11: P a r tic le  s ize  ana lys is
Cumulative percent mass passing through
P artic le  size 
(microns) ZIRCON ALUMINA
J micron superfine BACO MA4LS A16SG
100,0 100,0 100,0 100,0
100,0 100.0 100,0
21,10 100,0 100,0 100,0 100,0
14,92 100,0
10u,0 100,0 100,0
100,0 100,0
100,0 100,0
100,0 100,0
2,63 89,3 100,0
1.69 52,6 100,0
46,4 98,8
0,66 6,6
0,43 5,6 69,5
0,34 17,8 4,9
0,24 2,6
0,17 1,3 14,5
Analysed by Mlcrotrac, small pa rtic le  analyser (SPA) Model 7995-30. 
Manufactured by Leeds S Northrop Instruments.
TABLE 12: Sample dimensions
Nature of test Diameter Uniaxial 
pressing 
pressure (MPa)
Density
Apparent prosity 
Young's modulus 
Hardness 
Toughness 
M icrostructure
Modulus of 
rupture B » 5
Erosion wear - 10
X-ray d iffra c -
- 2
4.2.2 Measurement o f Properties
4.2.2.1 Density and apparent porosity
Samples were f i r s t  weighed dry (to 0,0001 g) on a Mettler AE160 
balance. They were then subjected to vacuum 1n an empty desslcator 
fo r 15 minutes. Vacuum was provided by a conventional o i l  vacuum 
pisnp. Water was tr.en admitted to cover the specimens and then 
vacuum was released. The samples were then f i r s t  weighed while 
Immersed in water and then reweighed with any absorbed water, care 
being taken to remove surface moisture. From the dry (A), inmersed 
(B) and wet (C) weights the density and apparent porosity can be 
calculated according to the equations,
% Apparent Porosity = x 100 (11)
Density (g/cm2) = ^ ( 12)
4.2.2.2 Hardn<iss and Toughness
Hardness and toughness measurements were carried out on polished 
surfaces. Hardness tests were done using a Vickers square-pyramld 
diamond indenter. A typical Indentation Is represented In F1g. 31.
The load applied Is usually between the minimum load at which c 2 
2a ana a maximum a t which chipping occurs from latera l cracking. 
Loads used were typ ica lly  20 - 30 kg. The indentation diagonal 
and crack lengths were measured using a Polyvar optical microscope 
using a standard gra ticu le . Hardness (GPa) was calculated using 
the equation
Hv = 0,47 — (13)
where P = load (N) and a is ha lf the Indentation diagonal (m).
FIGURE 31: Vickers indentation and crack
Toughness measurements were carried out using the same Indenta­
tions, but measuring the length of the cracks in addition to the 
diagonals o f the indentation. The calculation was done using the 
equation [73],
K:c = 0,016 ( -£ -)  ( ^ )  (14)
where H is hardness (MPa), c 1s ha lf the crack length (metres), E
1s Young's modulus (GPa) and P Is load (Newtons).
4.2.2.3 Modulus o f rupture (MOR)
MOR tests were carried out using four-point bend tes t with an 
outer span of 56 rm and an inner span o f 26 nrn. Samples tested 
had typical dimensions of typ ica lly  65 x 6 x 5 me. Samples were 
loaded at a rate o f 0,5 nWmln, on a JO Instruments M100K tensile
tester with a 10 kN load c e li. The height and width o f the test
specimens were measured with a micrcmeter (to  0,01 irm) at the s ite  
of fracture. MOR was calculateo according to the equation
where P is the breaking load (N), L 1s the outer span, 1 is the 
iim t' span and b and d are the breadth and height of the specimen 
respectively (m). MOR me.surements are reported 1n GPa.
In general 15 - 25 specimens were tested to provide a representa­
tive  sample of each m aterial. The results fo r four-point bend 
tests are usually calculated using the Heibull s ta tis t ic a l d is t r i ­
bution, however, owing to constraints on the experimental design 
analysis, the normal d is tr ibu tion  was shown to be a reasonable 
representation and th is  was used fo r analysis purposes. This Is 
discussed In Section 4.4.
4.2.2.4 Young's modulus
Young's modulus was obtained by measuring the speed o f sound of 
both longitudinal and transverse wave pulses through a specimen of 
the material under investigation. The specimen geometry was typ l-
ca liy  15 irm 1n dl«neter and 6 urn in height. U ltrasonic wave 
pulses ( f  = ~10 MHz) were Introduced In to the specimen by a piezo­
e le c tr ic  tnansducen bonded to I t  by a contact paste The paste 
was 1:1 glycol/phthal1c anhydride. Each pulse Is reflected at 
free surfaces of the sample with diminishing amplitude which 1s 
detected on an oscilloscope. The time lapse of the echoes 1s 
measured by super-imposing on the pulse a normalizing sine wave of 
variable frequency which permits overlap of consecutive echoes. 
For a more accurate determination the driven frequency Is  used to 
overlap one echo onto the next and then fine-tuning 1s possible 
thereby Increasing precision. The distance the echo travels 1s 
simply determined by measuring the height of the sample and m ulti­
plying by two. This is  referred to as the pulse echo overlap 
(PEO) technique and 1s reviewed by papadakls [74]. The measure­
ment procedure has been la id  out comprehensively by Le v itt [75]. 
This technique also provides the bulk modulus and K son's ratio . 
The equations used are as fo llows,
The distance the echo travels Is simply determined by measuring 
the height of the sample and m ultiplying by two.
L = 4pl2f 2(L) x 10-6 (GPa) (IS)
G * 4pl2f 2(Q) x 10-6 (GPa) (17)
E ■ (GPa) (18)
(19)
(20)
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L = modulus of e la s tic ity  fo r longitudinal waves
G = modulus of e la s tic ity  fo r transverse waves
p = Pu'i- density (g/cm3)
1 = thickness (trm)
f {L) = frequency o f longitudinal waves (kHz)
f(G) « frequency of transverse waves (kHz)
E = Young's modulus
6 * bulk modulus
v = Polsscn's ra tlu .
Figure 32 is  a schematic of the Yjung's modulus apparatus.
High res. freq. source:
R F. pulse oui_
Sample
FIGURE 32: Schematic of Young's modulus apparatus a fte r (Lev itt)
[75]
4.Z.2.5 Erosion by particle impact
Erosion by pa rtic le  Impact was performed using the apparatus 
Illus tra ted  in Fig. 33. A predetermined mass of abrasive p a r ti­
cles was fed in to an a ir  stream by means of a v ibratory pa rtic le  
feeder a t the rate o f 10 g per minute. The a ir  pressure was main­
tained a t 160 kPa
The tests In th is study were comparative and an Impact angle of 
90° was maintained fo r a l l  tests. The erodents used were SIC and 
quartz w ith an average pa rtic le  size o f approximately 120 microns.
©  Sompte holder + target
FIGURE 33: Schematic o f erosion tester 
4.2.2.6 Other techniques
Other measurements carried out were X-ray d iff ra c tio n , and micro- 
structura l analysis using optical and electron microscopy. ray
Air out to particle Irak
Vibratory particle feed
Particles out
I'L
Compressed oir m
d iff ra c tio n  was measured using a Rtgaku Selgerflex D/max 3 d i f ­
fractometer, using a CuKa source and graph,ce monochromator. 
Traces were run a t 0,02° per step at one step per second.
Optical microscopy was undertaken using a P.elchert Unlvar micro­
scope and electron microscopy was carried out using a Oeol and 
ISI-SX-30E scanning electron microscope v/lth an energy dispersive 
X-ray spectroscope fa c il i ty .
4.3 DOPANT SELECTION
The dopants selected fo r investigation were N10, ZnO, Sr02 and
BaO. These were selected on the basis o f potential s im ila r ities
to MgO and CaO which have been successfully used in the zircon- 
alumina system and have been comprehensively studied.
The selected dopants can be divided in to two fam ilies , one of 
which is  lik e ly  to be s im ila r in action to the Mg2* ion while the
other is  more lik e ly  to resemble the action of the Ca2* ion.
Table 13 compares the key features o f the two fam ilies.
TABLE 13: Comparison o f properties of dopants [76]
Family Type ion Ionic Radius for Co­
ordination No. 6 
(pm)
A v a ila b ility  of 
d-o rb lta ls
No or minimal d-
Maonesia m*" o rb ita l a va ila b ility
a " •0 Full d -o rb lta l shell
The two groups in  Table 13 can be distinguished prim arily b>' d i f ­
ferences in ion ic radius and the a v a ila b ility  o f d -o rb 't i is . 
Magnesium has an ionic size of 72 pm and no available d-orh . .1;.
| The most lik e ly  ion to exh ib it sim ilar properties to Mg2* is
! Zn2* w ith an ionic radius of 75 pm and has no available d-orb ita ls
■ as these have already neen f i l le d .  Ions lik e ly  to exh ib it s im ilar
properties to zinc ard therefore also s im ila r to magnesium are 
| Cu2* and N12*. Nickel was selected fo r study.
i The calcium family d if fe r  from the magnesium family by having ve-y
much larger (although not equivalent) ionic rad ii and having tie  
fu ll  d -o rb ita l shells available. Barium and strontium are in the 
' same group (IIA ) as calcium and magnesium although being very d i f ­
ferent from magnesium m behaviour. The cost and a v a ila b ility  of 
b.irium and strontium carbonates makes them po te n tia lly  suitable 
i dopant:.
! 4.4 EXPERIMENTAL DESIGN AND ANALYSIS TECHNIQUES
j The background to the use of these techniques has been outlined In
1 Section 3.3.2. A general flow-chart is presented in Fig. 34. The
1 chart assumes a well planned experiment with a minimum of problems
ana is  meant as a guide rather than a rule. Appendix A summarizes 
i some o f the salient points o f the use o f fa c to ria l design and
1 optimization by the method of steepest ascent. For designs
| involving more than three parameters i t  Is possible to use normal
| probability  plots to determine whether any parameter or interac-
| tion e ffec t 1s s ign ifican t. This obviates the need fo r experlmen-
. ta l rep lica tion and the use o f analysis of variance and Is
described In AppendK A,S. For more precise studies, however, 
rep lica tion Is necessary and the use of analysis o f variance tech­
niques and Fisher’ s 'F 1 test fo r p robability  has tc be used 
(Appendix A.8).
An important requirement in the use o f these techniques is  that 
, the order in which experiments are conducted should be randomized.
This avoids the problem o f experimental d r i f t  during the course of 
: large fa c to ria l designs. The manner in which data is  samr'ed and
J  handled is  also c r it ic a l.  Use is made of the central l im it  theo­
rem (Appendix A.9) to ju s t i fy  the use of the normal d is tribu tion
t
Flow chart showlntj basic ootlnilzatlon procsdu'-c from 
Box, Hunter and Hunter [7 , ]
FIGURE 34:
to describe MOR data where the Melbull d is tr ibu tion  1s usually 
employed, fhe theorem Is also used to increase the precision of 
experimental results p rio r to analysis of variance in  certain
Data from four-point band strength tests 1s usually calculated on 
the assumption of a Weibull d is tr ibu tion . There are a large num­
ber o f potential errors in these tests which makes the normality 
assumption approximately va lid . This is  pa rticu la rly  true i f  the 
samples are not a l l  machined to the same dimensions. Since th is 
Is an expensive step f t  was not employed in the course o f th is 
study. An analysis o f the percentage correlation of ten data sets 
from d iffe re n t samples to both normal and Weibull d is tribu tions Is 
presented in Table 14.
TABLE 14: Percent correlation o f MOR data to normal and Weibull 
d istribu tions
Sample Weibull Norma!
1
9 M
91 ,’6
95,8
Only one of the ten samples showed a be tte r f i t  to a Weibull 
d is tr ib u tio n . The average correlation  and i t s  standard deviation 
fo r the norma! d is tribu tion  was 96,1* and 2,0 compared to 89,5* 
and 5,5 fo r the Weibull d is tr ibu tion . This supports the normality 
assumption fo r MOR data analysed in th is study.
5. PRELIMINARY STUDIES
This chapter constitutes three parts. The f i r s t  1s a general com­
parison of properties and sintering behaviour of 7lrcon1a-mu111te 
using the four selected dopants and calcla. Also Included Is the 
e ffec t o f powder pa rtic le  size on sinte ring. The second section 
describes some SEH aspects of the in teraction of 8a0 with zircon 
and alumina. This is  followed by a quantita tive fa c to ria l study 
o f the e ffect of 8a0 on zircon.
5.2 GEfJSML COMPARISON OF DOPANTS IN REACTION-SINTERED ZlRCON-ALUMINA
5.1.1 Stoichiometric zirccn~aJuminaYrith 4 wt.% CaO
A mix of 4 wt.% CaO in zircon and alum na was m illed w ith composi­
tion satisfy ing e equation,
(Z+?x}ZrSiOi + (3+x)A1z03 + xCaO *  xCa0.A)z0j.2Si0z + (2+2x)Zr02 
+ 3Al203.ZSi02 (21)
The material was prepared as described in  Chapter 4.2.1 using 
superfine zircon, A15SG alumina and Saarchem calcium oxide. The 
pressed powders were fired  at 1 425, 1 450, 1 475 and 1 500 C 
respectively according to the cycle described In Table 15. XRO, 
density, Young's modulus, hardness, toughness and microstructure 
analysis were carried out on these samples.
TABLE 15: Firing sequence
Heating Rate 
ff/h r )
Holding Temperature 
(C)
Holding Time 
(hrs)
300 500 1
300 sintering temperature 4
300 30
The XRD traces fo r samples fire d  from 1 425 - 1 475 C are pre­
sented In F1g. 35. At 1 425 C the material is  predominantly z ir ­
con and alumina with a small presence o f zirconla and anorth lte. 
By 1 450 C, however, the reaction is v ir tu a lly  complete w ith only 
a residual zircon remaining which has disappeared by 1 475 C. I t  
was noted that where reaction was largely completed, from 1 450 - 
1 500 C, a considerable quantity o f liq u id  phase was exuded onto 
the sample surface. The quantity of exudation being worse with 
increasing temperature. The formation o f excessive liq u id  phase 
was found to  have a deleterious e ffec t on microstructure through 
increased porosity and grain growth. This is  c learly shov in 
hlate 2 (A and B), the most notable feature being the very large 
columnar m ullite  grains. Plate 3, shows the structure a t 1 450 C 
which is much more dense, although the tendency of m u llite  to form 
columns can already be seen.
Figure 36 is  a p lo t of density and Young's modulus fo r samples 
f ire d  at d iffe ren t temperatures. The drop in density between 
1 425 - 1 450 C is explained by the reaction products having lower 
density than the reactants. The drop in density from 1 475 - 
1 500 C is  due to a combination of excessive liq u id  phase forma­
tion and porosity trapping. Young's modulus follows a s im ilar 
trend to density.
Table 16 summarizes the hardness and toughness data obtained. The 
samples fire d  at l  475 and 1 500 C were unsuitable fo r measurement 
owing to severe spelling of the indentations.
TABLE 16: Hardness and toughness data
Sintering Temp. Vicker's Hardness Indentation Toughness
£C) (» « ) (MPa.m*)
1 425 11,0 ±0,2 3,5 ±0,3
1450 a , :
A; 400 x magnification
3: 1 200 x magnification
PLATE 2: Electron micrographs o f CaO-doped ^i-coni
sintered at 1 500 C
B 1450'C
FIGURE 35: XRD traces o f cakla-doped zlrcon-alumina sintered at
various temperatures z=zr02, CAS2 = CaO.Al203.2S102> 
ZS = ZrS104, A ■> AI2O3, M = 3A1203.2S102
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PLATE 3: E lectron  micrograph o f CaO-doped z irc o n la -m u lllte
s in te red  a t 1 450 C. 2 000 x m agn ifica tion
T e m p e ra tu re  (<,C)
FIGUfiE 36: Plot of density and Young's modulus versus soak tern-
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S.1.2 StoichiometricZrcon-Alumlna with 4wt.% SrO
A mix o f 4 wt.% SrO 1n zircon and alumina was prepared, f ire d  and 
tested under Identical conditions to  the calcla-doped material, 
according to the equation,
(2+2x)ZrS104 + (3+x)A1203 + xSrO •* xSrO.Al2O3.2S102 + (22)
(2*2x)Zr02 + 3A1203.2S102
Figure 37 shows the XRD traces o f the simiples fire d  from l  425 - 
1 475 C. At 1 425 C the sample is  predominantly zircon and alu­
mina w ith traces o f strontium alumlnoslllcate and zlrconla as 
indicated. The situa tion Is very s im ilar a t 1 450 C with possibly 
a s lig h t strengthening of the zlrconla peaks. By 1 475 C, 
however, reaction Is complete. There was a noticeably lower l iq ­
uid exudation 1n these samples with only the sample a t 1 500 C 
showing the phenomenon, This is  p a rtly  due to the higher tempera­
ture of reaction and partly to the lower molar percentage of 
dopant. This difference between the CaO-doped system is empha­
sized by the micro-graph shown In Plate 4 which at the same magni­
fica tio n  shows a much fine r m icrostructure, a lb e it predominantly 
zircon and alumsna, than that shown in Plate 3.
Figure 38 summarizes the density and Young's modulus resu lts, and 
c lea rly  shows the e ffec t of denslflcatlon and reaction. Hardness 
and toughness data fo r the samples fire d  a t the two temperatures 
representing the unreacted and fu lly  reacted states are shown in
TABLE 17: Hardness and toughness data
Sintering Temp. Vicker's Hardness Indentation Toughness
(C) (GPa) (MPa.rfS)
1 450 11,4 ±0,2 4,3 ±0,3
1475 8,8 ±0,2 3,1 ±0,3
FIGURE 37: XRD traces o f frO-doped zlrcon-alumlna sintered at
various temperatures. Sr = SrO. A = A^O;. ZS = 
ZrSiOj, SrAS2 == SrAlzSl^g
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PLATE 4: E lectron micrograph o f SrO-doped zircon-aiusnna sin te red
a t 1 450 C. 2 000 x m agn ifica tion
1425 14 50 1475 IbUO
S in te ring  Tem perature *C
FIfiURE 30: Plot o f density end Young's modulus versus temperature
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5.1,3 Stoichiometric Zlreon-Alumlna with4wt.% BaO
A mix o f 4 wt.% BaO 1n zircon and alumina was prepared, fire d  and 
tested as fo r the calc1a-dop.>d m ateria l, according to  the 
equation,
(2+2x)ZrSi04 + {3+x)A1203 + xBaO xBaO.Al203.2Si02 + (23)
i  3A1203.2S102 + ('.+2x) Zr02
The soak temperatures In th is  case were 1 450 - 1 550 C. The XR3 
traces are shown 1n F1g. 39. At l  450 C the material 1s only 
pa rtly  reacted with possibly barium alumlnoslUcne (celslan) and 
mulMte making an appearance at 22,4 ana <J5,6 degrees respectively. 
Reaction Is v ir tu a lly  complete at 1 475 C with the celslan making 
a stronger appearance. By 1 500 C, however, the celslan peak has 
v ir tu a lly  disappeared although there Is l i t t l e  change In the 
z irconla and rau llite  peaks. In these samples there was very heavy 
liq u id  exudation from 1 475 C inclusive upwards. I t  was possible 
that the liq u id  exudation predominantly Involving barium alumlno- 
s lllca te s  pre feren tia lly  remained a glass. To tes t th is  the sam­
ples fire d  at 1 450 and 1 550 C were annealed fo r three hnurs at 
1 300 C in an attempt to anneal stable phases from any glass that 
was present. The results are shown in Fig, 40 and c learly show
the appearance of celslan when compared with the traces In Fig.
Plate 5 shows the microstructure o f the unreacted material which
can be seen to be s im ilar to that shown in Plate 4 fo r the SrO-
doped m aterial. Figure 41 sunmarlzes the density and Young's 
modulus results which show sim ilar trends to the calcia and 
s tron tla  systems. Hardness and toughness data fo r the samples 
representing the p a rtia lly  and fu lly  reacted samples are lis te d  In 
Table 18.
TAfil/ IBs Hardness and toughness data
Sintering Temp. Indentation Toughness
(C) (GPa) (MPa.m%)
1 450 11 1 *0,2 3,7 ±0,3
1 475 9.7 10.Z 3,2 to ,3
XRD traces o f BaO-doped zlrcon-aluirina sintered at 
various temperatures. Zm = monoclinic Zi02, Zt  - 
tetragonal Zr02, A = A^O), ZS = ZrSIO,, A3S2 = 
3Al203.2S102, BAS2 r, Bd0.A1203.25102
FIGURE 39:
rI5 5 0 °C
FIGURE 10: XRO traces of samples f i r e  at l  450 W  I  550 C 
a fte r annealing fc r  3 hours at l  300 C
PLATE 5: Electron micrograph (backscattered mode) of BaO-doped 
zlrcon-aUimina sintered a t 1 450 C. 4 000 x magnified-
"P
I
Temperature (C)
5,1.4 Staichlomatrlc Zircon -Alumina with 4 wt.% NiO
A mix of 4 wt.% NiO was prepared and tested as fo r the other doped 
m aterials. The stoichiometry was according to the equation,
(2+2x)ZrS104 + (3tx)A l203 + xNiO *  xN10.A)203 + (24)
2Zr02 + 3AI203.2Si02
Saqiies were sintered from 1 425 -  5 SCO C. The XRD traces
fo r these are shown in Fig. 42. These show that by 1 425 C
NiO.Al203 (spinel) had already formed although reaction only sub­
s ta n tia lly  occurred by 1 475 C. A noted feature o f the reacted 
material 1s the more clearly defined zirconia and mulHte peaks 
and complete lack of liqu id  phase exudation at a l l  temperatures.
Figure 43 shows the density and Young's modulus behaviour with 
temperature, a major difference between the NiO and Sroup 11A 
dopants is continued densification a fte r reaction. This is  an
unusual situa tion in the zirconia-m ulllte  system and may result
from enhanced ion m ob ility  due to the presence of NiO. The lower 
reaction temperature (1 475 C) compared to 1 550 C fo r undoped 
material suggests that NiO has a considerable e ffec t on ionic 
m ob ility  especially as the reaction avoids excessive liq u id  phase 
formation.
Table 19 sunrtarlzes the hardness and toughness data.
TABLE 19: Hardness and toughness data
Sintering Temp. 
(C)
Vicker's Hardness Indentation Toughness 
(MPa.mti)
1 450 7,0 ±0,2 -
1 475 8,2 ±0,2 3,6 ±0,3
1600 10,0 ±0,2 3.1 ±0,3
28 Bragg Angle
FIGURE 42: XRD traces of N10-doped zlrcon-alumlna sintered at
various temperatures. ZS = Zr5104, Z = Zr%, NA = 
N1O.A120a, A3S2 = 3A1203.2S102
eO
E 3 8 -
1425 1450 1475 1500
S in te rin g  Tem p e ra tu re  °C
FIGURE 43: Plot of density and Young's modulus versus sintering
temperature
6.1.5 Stoichiometric Zireon-Alumlna with 4 wt.% ZnO
A mix o f 4 wt.% ZnO was prepared and fire d  as described In Section 
4.2.1. The stoichiometry sa tis fied  the equation,
(2tZx)ZrS104 + (3+x)A!20- + xZnO -» xZn0.Al203 *  ZZr02 +
3A1203.2S102 (25)
Figure 44 shows the XRD ' -aces o f the material f ire d  from 1 425 - 
1 500 C. The traces fo llow  a very s im ilar pattern to those fo r
26 Bragg Angle
FIGURE 44: XRD traces of ZnO-doped zlrcon-alumlna sintered at
various temperatures. Zm = morocllnic ZrO. Zt = 
tetragonal Zr02. ZS = ZrS104, ZnA « ZnO.Al2Q3, A = 
A1203
- i .
N10 with reaction being v ir tu a lly  complete by 1 475 C. The den­
s ity  and Young's modulus behaviour were also s im ila r 1n trend, 
however, the ZnO-doped material gave consistently higher figures 
when compared to the N10 which suggests better s inte ring (Fig. 
45). The hardness and toughness data are summarized In Table 20 
and are superior to the NIO-doped samples. The main difference 
between N10- and ZnO-doped zlrcon-alumlna appears to be in  greater 
denslflcatlon of reactants p rio r to reaction resulting In a gener­
a lly  be tte r material.
> W 50 1475 I
S in te rin g  T em p e ra tu re  ®C
FIGURE 45: Plot o f density and Young's modulus versus sintering
temperature
TABLE 20: Hardness and toughness data
Sintering Temp. 
(C)
Viewer's Hardness 
(GPa)
Indentation Toughness 
(Hpa.i#)
1 450 8,6 ±0,2 4,3 ±3,3
1 475 9.4 ±0.2 4,3 ±0.3
I  500
5.1.6 Stoichlometrto Zrcon-Alumlnd wlth2wt.% $rOand2wt.% ZnO
A sto ichiometric mix was prepared according to the equation
(2r2x)ZrSi0j + (3+X4-j/)A120j + xSrO + yZnO ->
xSrAljOa +A16S12013 + (2+2x)ZrOz + yZnA1204 (26)
Figure 46 shows the XRD traces o f samples f ire d  at 1 400 -  1 425 C 
and c lea rly  show that reaction 1s v ir tu a lly  complete by 1 413 C. 
This Is lower than has been reported In the lite ra tu re  fo r other 
doped systems. Samples fired  a t l  413 C and above exh ib it liqu id  
exudation, however, they retained good hardness as is  shown In 
Table 21. Ih1s 1s probably due to the very high degree of densl- 
flca tlo n  achieved p rio r to reaction (4,09 g/cm3) forming a more 
cohesive structure. Figure 47 shows the density and Young's 
modulus behaviour with temperature.
TABLE 21: Hardness and toughness data
Sintering Temp. 
(C)
Vlcker-s Hardness Indentation Toughness 
(MPa.m*)
I  400 9,0 ±0,2 4.1 ±0,3
1 413 11,2 ±0,2 3,2 ±0.3
1 4 8 10,9 ±0,2
Bragg Angle
FIGURE 46: XRD traces of ZnO/SrO-doped zlrcon-alu irlra sintered
at various temperatures. SrAS2 = SrO.AI2O3.2S102, 
ZnA = Zn0.A120y
2 2 0  S
Tem peratu re  (eC)
FIGURE 47: Plot o f density and Young's modulus versus sintering
temperature
5.1.7 Tho effect o f Particle Size on Dsnslty and Young's Modulus
Two mixes were prepared with 4 wt.S BaO according to the s to lch l- 
■imetry o f equation (23), using two d iffe ren t p a rtic le  size 
powders. The fine r pa rtic le  size material was made, as before, 
trom A16SG alumina and superfine zircon having an average pa rtic le 
size o f 0,5 pm. The coarser pa rtic le  size material was made from 
I3AC0 MA4LS alumina and 2 micron zircon having an average pa rtic le 
size o f 3,4 yn. Oetallb are contained 1n Table 11. The samples 
were f ire d  a t selected temperatures and the effects o f density and 
Young's modulus plotted fo r each p a rtic le  size as shown In Figs 48 
and 49 respectively. As can be seen the e ffect o f pa rtic le  size 
Is considerable.
4
1375 1400 1485 i45C 1475 1500
Temperature (*C)
FIGURE 48: Plot o f density versus temperature fo r two pa rtic le
1375 1400 1425 1450 1475 iSOO 
Temperature (°C1
FIGURE 49: Plot of Young's modulus versus temperature fo r two 
p a rtic le  sizes
5.2 SEM STUDY OF INTERFACIAL REACTIONS
5.2.1 SEM Study o f ths Interaction o f BaO with Zircon at 1 450 C
The section describes a SEM study o f the Interaction of BaO with 
zircon and alumina 1n order to gain more Information on the nature 
o f the reaction, pa rticu la rly  in the lig h t o f the formation of 
liqu id  phases during reaction which exuded onto compact surfaces. 
Powder compacts were prepared as illu s tra te d  In Fig. 50. F irs t , a 
loose compact o f zircon was formed In a 22 mm diameter die which 
Is represented by A 1n the diagram. A smaller compact o f barium 
carbonate was formed in a 10 m  diameter die which was then placed 
in the centre of A, and 1s represented as B In the diagram. F inal­
ly , su ffic ie n t zircon was added on top o f A and B and the whole 
section was unlaxla liy  pressed to a pressure o f 6 MPa and iso- 
sta tica ll.y pressed a t 245 MPa. The sample was fire d  fo r 4 hours 
at 1 450 C a fte r which i t  was sectioned as is  shown 1n Fig. 51.
PS
FTtiURE 50: Diagrammatic representation of compact formation for
inte rfacia ) reaction study
REACTION ZONE
F15URE 51: Dlagrairmatlc representation of cut-away section of
compact a fte r f ir in g
'i£M and EOS studies were carried out on polished section o f the 
in te rfac ia l Ba0-ZrS104 reaction zone. F irs t ly , eight zones were 
identified v isua lly from a general micrograph (Plate 6). These 
zones are lis te d  in  Table 22 along with descriptions based on 
identified phases or notable features. Glassy phases were present 
in a l l  zones In varying concentrations.
TABLE K :  Description o f zones across reaction interface
Zone Description
A zircon - homogeneous porority
zircon -  inhomogeneous porosity - ZrOz precipitates
zircon - inhomogeneous porosity - fewerZr02 precipitates
Zr02 precip itates and crack
Zr02 precip itates and barium zirconium s il ic a te  matrix* Large barium zlrconate crystals and barium zirconium
U Fine barium zlrconate crystals and barium zirconium
Barium oxide and barium zlrconate
PLATE 6: General view across reaction zone
Each zone w ill  be d1scuss?d in turn moving from the outer, barium- 
free zircon across the In te rfac ia l area to the inner bar n oxide 
region. Plate 7 1s a micrograph o f zone A showing zircon grains 
(-2-5 um diameter) with fine dispersed pores and signs o f darker 
intergranular amorphous regions. The zircon grains are largely 
angular. This contrasts markedly with zone B. Figure 52 shows 
that there is  no s ign ifican t difference between the EOS spectra of 
zircon crystals and the intergranular amorphous phase indicating 
that th is  phase 1s decomposed zircon probably dtzti t -  miner 
impurities.
Plate 8 is  a micrograph of the boundary region between zones A and 
B. There are four major differences between the two regions. The 
zircon grains in zone 8 are rounded; there is  noticeably more 
amorphous phase; there are ZrO* precip itates; and the pore size 
Is large. These differences become more apparent by comparing 
Plates 7 and 9, the la tte r  being a micrograph o f zone B. An 
Interesting feature marked by arrows in Plate 8 is  the considera-
bis coarsening o f zircon a t the Interface of the two zones. This 
suggests that the presence of small quantities o f BaO In it ia te s  a 
solu tlon-d lffuslon-preclp ltation mechanism fo r equilibrating the 
phases, concentrating zirconia precipitates on the one hand and
allowing larger zircon grains to grow at the expense o f the
smaller grains. As the BaO concentration increases the amount of 
s ilic a -r ic h  phases w ill  also increase and be affected by cap illa ry 
forces which would sweep them away from the original reaction 
s ite . A ll the zirconia precipitates in Plate 9 are associated 
with pores or larger areas of liq u id  phase. Another possible 
cause o f the porosity is  grain pu ll-out during polishing. The
removal of pores is  made more d i f f ic u l t  i f  they contain vapour
phases which is  l ik e ly  to be the situation in th is  case.
A number of EDS scans were carried out across zone B. Figure 53 
is  a spectrum o f one of the zirconia precipitates showing minimal 
presence of barium or s ilico n . Figures 64-56 are three spectra 
generated from the amorphous phase progressively deeper in to zone 
6 towards zone C. These show that the amorphous phase is  a s il ic a -  
rich region with increasing barium content as zone C is approached.
il
0 .0 0 0  Range -  10.230 keV
A: Spectrum o f zircon crystal
 !  a
0 .0 0 0  Range = 10.230 keV
Spectrum o f amorphous region between zircon crystals 
FIGURE 52: EDS spectrum o f zone A
5 #
PLATE 8: Boundary of zones A and B
*
PIATF 9: Zone 0
FIGURE 53: EDS spectrum o f a Zr02 precip ita te 1n zone B
0.000 Range = 10.230 keV
FIGURE 54: Spectrum o f amorphous phase a t Interface between
zones A and B
il
1!
ssassfeltiaa
8 = 10.230 keV
FIGURE 55: Spectrum of amorphous phase 1n the middle of zone B
1" "A  ,
0.000 Range = 10.230 keV
FIGURE 56: Spectrum of amorphous phase In zona B close to zone C
I
Zone C 1s a region o f zircon and Zr02 precip itates being d is tin ­
guished from zone B by the reduced amount o f Zr02 precip itates and 
amorphous phtse. Zone C is  the culmination o f a gradual change 
across zone b as is  shewn in Plate 10 where three regions have 
Been marked. Region 1 shows c learly the presence of amorphous 
phase; th is  is  substantia lly reduced in  region 2; and f in a l ly  1s 
reduced s t i l l  fu rther along with a reduction In zlreonia prec ip i­
tates In region 3 which Is synonymous with zone C.
Zone 0 Is an area of Zr02 precip itates bordering an In te rfac ia l 
crack formed by stress Induced by melt s o lid if ic a tio n  on cooling. 
Plate 11 shows deta il of zones D, E and F. Zone E Is essentia lly 
the same as 0, d iffe r ing  only in the size o f Zr02 precip itates 
which arc present. Figure 57 Is a spectrwn o f the melt in zone E 
from which the Zr02 inclusions presumably precip itated during 
cooling. The melt composition does not relate c lea rly  to any 
known compound, the only two barium-zlrconlum s ilica te s  being 
respectively Ba0.Zr02.3S102 and 2Ba0.2ZrOz.3S1C2.
PLATE 10: 200 x magnlflcantlon o f the reaction Interface show­
ing graded changes across zone 8 to zone C
PLATE l l :  l  200 x magnification of eutectic region Z = Zr02;
75 = ZrS104; 9Z = BaZr03
0.000 Range « 10.230 keV
FIGURE 57: EOS spectrixn o f amorphous matrix phase 'n zone E
Zone F Is characterized by angular crystals in an amorphous 
m atrix. Figures 58 and 59 are the EOS spectra of the matrix and 
crystals respectively. The matrix shows a substantial change from 
the matrix o f zone E, having a greatly increased barium content 
with a large reduction in zirconium. As with the matrix In zone E 
i t  does not c learly relate to any Known compound, having an 
approximate BaO;SiO2:Zr02 ra tio  o f 3:2:1. The crystals can be 
Iden tified  as barium zlrconate.
O.OOO" Range
FIGURE 58: EDS spectrum of amorphous matrix phase In zone F
Plate 12 1s a micrograph of the region from zone F across G to H. 
I t  can be seen that zone G 1s a natural progression from F, the 
main difference being that the crystals are fin e r with a narrower 
size d is tr ib u tio n . c1gure 50 Is a general EDS of zone G and shows 
a substantial overall reduction o f s il ic a . This can be compared 
with the general spectrum of zone H which shows a large reduction 
1n zlrconla (Fig. 61). Plate 13 Is a moru detailed micrograpn of 
zone H showing the Inter-penetration o f the barium-zlrconate crys­
ta ls  as confirmed by EDS In Fig. 62.
FIGURE 59:
PLATE 12: 1 QUO x magnification o f zones F - H
FIGURE 60: General EDS spectrum o f zone G
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FIGURE 61: Genera! EDS spectrum o f zone H
PLATE 13: 2 400 x magnification of zone H
0.000 Range 10.230 keV
FIGURE 62: EDS spectrum of pale region In zone H
Closer examination of plat? 13 shows that the dark regions are 
non-homogeneous. EOS spectra o f th is  region snows two d iffe ren t 
phases as shown 1n Figs 6.'. and 64. Figure 63 is  consistent with 
barium-oxlde with a s ligh t zirconia and s il ic a  Impurity while Fig. 
64 approximates the formula 2BaO.ZrOz.
0.000 Range
FIGURE 63: EOS spectrum of region showing BaO with Impurities
1n darker region o f tone H
This completes a descriptive overview of the macroscopic in te r- 
facia! reactions between zircon and barium oxide at 1 450 C. I t  
is clear that the prc.' o f barium oxide causes the decomposi­
tion o f zircon, in i t ia l l y  tn form an amorphous barium zirconium 
s ilic a te  with zirconia precip itates. The formation of th is  barium 
zirconium s ilic a te  wh'ch is  liq u id  at 1 450 C traps large pores 
which which cannot be sintered out.
E! . sectrum of region aporoxiinatlng the formuli
2Bau.Zr02 in l ig h te r regions o f zone H 
Figure 65 shows the re lative concentrations o f barium across the 
interface which Is the region of in te rest in t l i is  system. In gen­
eral i t  appears that the liqu id  s ilica te s  provide the medium fo r a 
counterflow o f barium and zirconium ions driven by thermodynamic 
requirements. The formation of a eutectic at the orig inal in te r­
face probably resulted in a cap illa ry  action drawing zirconia and 
s il ic a  deep Into the barium oxide zone where d iffe ren t eq u ilib ra t­
ing conditions occurred. In order to have a clearer Idea of the 
in i t ia l  in te rfac ia l reactions, sintering at lower temperatures is 
necessary. This section serves to I llu s tra te  the complexity of 
the system and explains the lack o f XRD Information on samples 
f ire d  a t I 450 C since the barium zirconium s ilica te s  are a ll 
amorphous a fte r cooling.
5.2.2 SUM Study o f tho Interaction of BaO with Zircon and Alumina at 1 dsoc
Ttm section is  a natural progression from Section 5.2.1. The 
only difference from the three phase study was In the formation of 
the :ompact. This is  illu s tra te d  In Fig. 66, where A and D are 
the zircon shells, B is the 8aCOj and C is  alumina.
BARIUM
ZiRCONATE
DISTANCE [ fj.m)
FIGURE 65: Plot of re la tive  barium in tens ities  across the
8a0-ZrSi04 interface
FIGURE 66: Diagrammatic representation of compact formation for
four-phase In te rfac ia l study
The coirpact was prepared as described 1n Section 5.2.1 and s in te r­
ed fo r 4 hour at t 450 C.
Plate 14 shows a view o f the alumina-zlrcon Interface showing no 
substantial reaction. There are, however, a few Isolated zlrconla 
precip itates indicating some degree of zircon decomposition.
PLATE 14: Zlrcon-alumina interface
Plates 15 and 16 show a general and detailed view o f the tr ip le  
junction respectively. The dominant feature is  the high degree of 
penetration o f barium oxide into the zircon zone. This contrasts 
with the minimal penetration of BaO Into the alumina zone c learly 
showing the preferential mode of action of BaO In th is  system.
Very l i t t l e  reaction was v is ib le  in the alumina zone being lim ited 
to the edges o f the alm ins compact. EDS sflowed the formation of 
celslan (BaQ.Al^.ZSIC^), which showed columnar needle-like fo r ­
mation similar Lti m u llite . A ll the other features were identical 
to those observed In Section 5.2.1 between zircon and barium
PLATE 15: General view of t r ip le  junction
PLATE 16: Detail of t r ip le  junction
Although barium oxide has a substantial e ffec t or the decomposi­
tion o f zircon 1t has no e ffec t on alumina fo r the temperature 
studied. A eutectic formed by barium oxide and zircon does react 
w ith alumina as a resu lt o f a cap illa ry action drawing the liqu id 
Into the alumina compact. No mulHte was clearly Iden tified  In 
th is  system.
5.3 DETERMM TION OF THE EFFECT OF BaO, CaO, TIME AND TEMPERA TURE ON 
ZIRCON DECOMPOSITION AND DENSIFICATION
The effects o f BaO, CaO, sintering time and temperature on the 
denslficatton and decomposition o f zircon were studied using a 
24 fa c to ria l design. This design results In 16 experimental set­
tings as shown in Appendix AS. Each parameter being Investigated 
was set at a high and low level as described 1n Table 23.
TABLE 23: Parameter level settings
Variable *
wt.% BaO 0
wt.% CaO 0
Temperature of sintering (C) 1 350
Time of sintering (minutes) 30
The effects of these parameters on density, apparent porosity, 
Young's modulus and > > in tensities were measured. XRO d iffra c tio n
in tens ities  were measured on the 101, 200, 112 and 301 zircon
reflec tions. These were normalized and averaged. The results are
presented as normal p robability  plots as described In Appendix A6.
These are used as they distinguish real effects from experimental
5.3.1 The Effect o f the Parameters on Density
Figure 67 shows a normal p robability  p lo t of effects on density. 
There are two s ign ifican t parameters and one s ign ifican t Interac­
tion e ffec t, a l l  o f which are positive i r  enhancing density. The 
most outstanding is  tempenatune, with time and the dopant Interac­
tion showing a lesser effect.
5.3.2 The Effect o f HTe Parameters on Apparent Porosity
Figure 68 illu s tra te s  the effect o f the parameters on porosity.
In th is  case only tempenatune and time are s ign ifican t with tem­
perature showing a more strongly negative e ffect than time. This 
is In agreement with the density results.
5.3.3 The Effect o f tho Parameters on Young's Modulus
Figure 59 shows the effects o f parameters and inter actio* 
Young's modulus. In th is  case a l l  four main parameters are 
n ifica n t with temperature and time showing positive effects and 
CaO and BaO showing negative effects, ihe dopant in teraction Is 
also present showing a positive e ffect.
5.3.4 Tne Effect o f tho Parameters on Zircon XRD Intensities
Figure IQ Illu s tra te s  the effects o f CaO and BaO on the zircon XRD
Intens ity . Only the dopants h s ign ifican t effects, namely BaO 
at 8% decomposition and CaO at 17%. Table 24 summarizes the 
weight percent and molar percent effects of the dopants. The 
table presents the data in terms of percent e ffec t per percent of 
dopant in each case.
This shows th a t mole fo r  mole Ban has a g rea te r decomposing e ffe c t
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FIGURE 67: Normal p ro b a b il i ty  p lo t  o f  du i'S lty  a ffe c ts
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FIGURE 60: Normal p ro b a b ility  p lo t  o f  p o ro s ity  e ffe c ts
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FIGURE 69: Normal p ro b a b il i ty  p lo t  o f Young's modulus e ffe c ts
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FIGURE 70: Normal p ro b a b il i ty  p lo t  o f z ircon  XRD In te n s ity  e ffe c ts
TABLE 24: Weight and molar percentage e ffe c ts
Percent e ffec t of 1 wt.% 
Percent e ffec t fo r 1 mol.X
5.4 SUMMARY OF PRELIMINARY STUDIES
The prelim inary studies cover a wide range o f dopants and estab­
lished the groundwork fo r a mechanistic study of the reaction 
process in th is  system. The purpose of t t  ;ork was to build up 
a more comprehensive picture of reaction-sintered zircon-alumina 
unde: a range of conditions. Some generalizations can be drawn 
from the results on the dopants. The two major groups of dopants 
show two s ign ifican t differences in behaviour. The calcia group 
exhibits liq u id  phase exudation accompanying the reaction to 
.vrconia-m unite whereas the magnesia group does not. The nature 
oi densification also d iffe rs  in that the calcia group shows a 
general decline in density with reaction whereas tho magnesia 
group shows an in i t ia l  decline followed by an increase In density. 
This indicates that a fte r n -c tio n  the z lrconla-m ulllte  continues 
to s in te r which may be indicative of an Increase in ion ic m obility  
in the m u llite  in the presence of these dopants. The magnesia 
group shows overall poorer densities than the calcia group, which 
enphasizes the importance of liqu id  phases in s intering.
both groups o f oopants show some s im ila r ity  In reducing the reac­
tion temperature although mole-for-mole the calcia group are more 
e ffective than the magnesia group. A combination of two dopants, 
one from each group, showed a sim ilar densification pattern to the 
calcia group, with the added advantage o f a 50 C drop in reaction 
temperature.
In the calcia group differences were noted between membe-s In that 
stron tla  showed a noticeably lower liqu id  phase exudation than 
e ither calcia or baria. Calcia and baria were shown to d if fe r  in 
th e ir respective effects on the degree of decomposition o f zircon 
in the fac to ria l analysis. The main difference between N10 and 
ZnO was the i ZnO resulted in  higher densities than N10.
The problem o f selecting a dopant fo r optimization is  necessarily 
somewnat a rb itra ry . The most promising material studied from the 
sintering perspective was the SrO/ZnO double-doped system due to 
the low reaction temperature. I t  was decided rather to study a 
single dopant system in i t ia l ly ,  and SrO was selected since i t  min­
imized the problematic phenomenon o f liqu id  exudation. The excel­
lent mechanical properties also made the SrO-doped material worthy 
of fu rthe r study.
6. OPTIMIZATION OF SrO-DOPED ZECON-ALUMINA WITH RESPECT TO
DOPANT, SINTERING TEMPERATURE, STOICHIOMETRY AND PARTICLE SEE
6.1 FIRST ORDER STRATEGY
The f i r s t  order design fo r optimizing SrO-doped zlrcon-alumina 
Involved a 24 fa c toria l studying four parameters. These were 
molar quantity of dopant, stoichiometry, sintering temperature and 
p a rtic le  size. Tht reaction equation was
a SrO + (3+a+e)Alj03 + {2+2845')ZrSi04 -  (27)
a SrO.AljOj.ZSiOj + BA1203 + B'ZiSIO, + 3Al203.2Si02 + (2+2a)Zr02
a and b are two independent parameters which control the s to ich i- 
wnetry o f the equation, a is  the molar quantity o f SrO and t> is 
related to the molar excess of alumina i f  I t  Is positive, and z ir ­
con i f  i t  is  negative.
The design fo r a four parameter experiment 1s shown in  Appendix 
AS. T'le level settings are shown in Table 25.
TABLE 25: Parameter level setting
cod. Parameter
LEVEL SETTING
o +
A SrO dopant molar quantity (a)(moles) 0,3 0,5
B Stoichiometry in balance (b)(moles) 0 0,4
Sintering temperature (C)
° P artic le  size (nm) 2,5 1,0
The material being developed was fo r abrasive wear resistant
applications. The d if f ic u lty  with optimizing on wear resistance
is  the time consumed In the tests and the large number of varia­
bles affecting the resu lts. These variables include the test 
conditions, and the properties o f the abrasive medium @s well as 
target properties. Evans e t a). [77] proposed the 'a llow ing ero­
sion model fo r impact damage in the e la s tli-p lu s tlc  response 
rSglme based on impact dynamics and fracture mechanics.
E •  V.:-: Rp2-7 pp»-« K,-' '  H-«-» (28)
This can be compared with the Wlederhorn and Lawn model [78] on
abrasion o f glass where
£ • V.:'« p , u  Kc-i-3 hO-u  (29)
where V„ = pa rtic le  velocity 
Rp -  pa rtic le  radius
Pp -  density o f impacting pa rtic le
Kc = frau-ure toughness o f target material
H - hardness o f target
In both cases the Important properties of the target material are 
hardness and toughness with hardness being more Important. I t  was 
therefore decided to optimize in i t ia l ly  on hardness. A 24 facto­
r ia l requires 16 runs to which were added two centre points. Each 
run was measured three times fo r hardness. The results are lis ted  
in standard Yates order In Appendix B . l. Figure 71 is  a normal 
probability  p lo t o f the calculated effects which are shown In 
Table 26.
The normal probability  p lo t o f e"fects agrees w ith the variance 
analysis In Appendix B.2. Clearly s intering temperature (C) Is
by fa r the most powerful parameter enhancing hardness, although
a ll  main parameters have a positive e ffect to  some degree. There
are two interactions which have an effect namely the dopant/
temperature, and stoichiometry/temperature In teractions.
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FIGURE 71: Normal probability  p lo t of hardness effects 
TABLE 26: Estimates of hardness effects
3,67
Figure 72 is  a more conventional representation o f the data show­
ing the 95% confidence Intervals fo r factor means fo r a l l  IB runs. 
The centre point (runs number 17 and 18) exhibited the highest 
hardness o f 6,8 GPa of a i l  the runs suggesting an optimum had been 
straddled. A residuals analysis p lo t (Appendix B.3) shows fa ir  
agreement w ith normality.
95 Percent Confidence 
Intervals fo r Factor Means
I
results in Yates’ order
FIGURE 72: Plot o f confidence Intervals fo r hardness means ver­
sus coded parameter setting
The e ffec t of the selected parameters on other variables was also 
measured. The results fo r Young's modulus, density and strength 
showed sim ilar trends to the hardr.sss data as Indicated by the 
strong correlations between them. . igure 73 snows the relationship
Regression of hardness on density
o
density (g/cm3)
FIGURE 73: Plot of hardness versus density
between density and hardness which exhibits a 94% linear correla­
tion . Sim ilar relationships ex is t between hardness and Young's 
modulus, and hardness and strength with correlations o f 92% and 
90% respectively. The main difference 1n effects was that of per­
cent dopant which had a negative e ffect on Young's modulus but a 
positive e ffec t on the other variables. This can be understood in 
that the dopant would promote the cnw lcal change from zircon and 
alumina to zirconia and m ullite .
Toughness could not be re liab ly  measured on these materials owing 
to the d ive rs ity  of samples ranging from highly porous crysta lline  
to low porosity materials containing large amounts o f glassy phase 
as exh ltlted by liq u id  phase exudation. Toughness probably ranged 
from 2,5 to 4,5 MPa.m’s
The effects o f the main parameters on the measured properties are 
summarized 1n Table 27.
TABLE 27: Effect of parameters on fo w  properties (%)
Parameter Hardness Strength Young's Modulus Density
Percent dopant -18,0
Stoichiometry u s 1,0
Sintering temperature 34,5 27,8 7,9
P artic le  size 15,4 2.3
The e ffec t of increasing dopant Is marrec by weakening the
m ateria l. The Increase In hardness 1s probably . le to Increasing
the density but the presence of glassy phases would reduce the 
toughness and hence strength. The e ffec t of stoichiometry or
increasing the alumina content has a s ligh t weakening e ffect and
although hardness is Improved th is  Is small re la tive  to the
effects o f the other parameters. The e ffect of decreased pa rtic le  
size, however, shows a reasonable Improvement 1n both strength and 
hardness. Although not -is powerful as temperature I t  provides a 
practical option fo r improving the properties given the lim ita ­
tions imposed by the results and production requirements.
iable 28 lis ts  the s ign ifican t In teractions and th e ir  effects on 
the four properties being studied. A ll two-factor interactions
and only one three-factor Interaction showed some e ffec t on at
least one property. Of these only three showed an effect on
hardness. The temperature/dopant interaction showed a s im ilar 
e ffect to the dupant e ffec t, with the Increase In hardness being 
at the expense of strength. The Interaction of temperature and 
excess alumina, however, showed positive effects on both strength 
and hardness. The three-fo ld interaction o f t"mperature, dopant 
and p a rtic le  size showed a negative effect on both hardness and 
strength th is  being the resu lt of excessive liq u id  phase genera­
tion and exudation.
TABLE 28: Effect of interactions (%)
Interaction Hardness Strength Young's Density
AB - dopant/stoichiometry 1.1
AC - dopant/temperature -11.2 1.8
AD -  pa rtic le  size -
BC - stoichiometry/ 
temperature
3.1)
08 - stoichiometry/ 
pa rtic le  size
2,2 0.7
CD - temperature/ 
p a rtic le  size -
-0,9
ACD- dopant/temperature 
p a rtic le  size
-6,5 -1,1
TaDle 29 lis ts  the sum e ffec t of increasing the parameter level 
when taking Into account the interactions. The problem now arises 
as to how to Improve the experiment. Although the centre point Is 
a maximum, the hardness Is only 8,8 GPa which Is considerably 
lower than the 12,6 GPa quoted fo r undoped zlrconia-m ullIte  [15].
TABLE 29: Sum percent effect of Increasing parameter levels
Parameter Hardness Strength
Percent dopant 17,1
Stoichiometry 14,7 2,2
Sintering temperature 85,1 19,0
P artic le size 6,8 10,3
I
These results Indicate that the design was approximately central 
to the line  or plane of optimization. This Is V lustra ted in F1g. 
74. The true optimization path lies  along the lin e  o f one or in 
the plane o f two of the axes indicated by the dotted lines. The 
situa tion Is complicated by the po ss ib ility  that there may bp more 
than one possible optimization path. The most powerful e ffec t Is 
sintering temperature. In order to increase th is  substantia lly to 
a tta in  greater hardness and strength I t  would eventually be neces­
sary to reduce the dooant because of the negative e ffect th is  has 
Bcih in its  own rig h t and in Its  interaction with higher tempera­
tures. Owing to the magnitude of the effect o f temperature this 
would be the favoured route fo r optimization i f  th is  was the cnly 
requirement. However, owing to production lim ita tions I t  Is not 
feasible to increase temperature substantia lly. Likewise, 
im ilanew g the stoichiometry in favour of excess alumina could 
not cc considered as a practical path as th:s would contradict the
FIGUnr. 74: Possible optimization pa.
As a result of those considerations the least a ttrac tive  path for 
optimizing hardness, that o f decreasing the pa rtic le  s i . . .  Is a ll 
that remains.
6.2 HILL CUM3ING STRATEGY
Four mixes were prepared by m illing  fo r d iffe re n t times to reduce 
pa rtic le  size. The composition and sintering conditions were the 
same as the centre point fo r the f i r s t  order strategy. The 
results o f hardness and average p a rtic le  size are lis te d  in  Table 
30. Figure 75 is  a schematic showing the h i l l  climbing strategy 
with respect to three o f the parameters. Hardness figures are 
shown (GPa).
TABLE 30: Results of h i l l  climbing strategy
Average pa rtic le  size (pm) 1.4 1,0 0,5
Hardness (GPa) 9,7 10,2 11,2
The results show a major overall improvement In hardness as p a r ti­
cle size 1s reduced. The fin a l pa rtic le  size giving a hardness of
11,2 GPa Is much closer to that o f 12,6 GPa fo r the undoped 
materia l. This Illu s tra te s  an Important aspect of Interpreting 
fa ctoria l experiments. Relatively small effects may ultim ately
lead to major Improvements In areas beyond the in i t ia l  experimen­
ta l region.
M illing  to 0,5 pm average pa rtic le  size was the practical 11,n it of 
the capab ility  o f the at - ur m ill.  I t  was decided a t th is  stage
to remove pa rtic le  size a parameter by using 0,5 pm powder and
begin a second, f i r s t  oi design based on s inte ring temperature, 
stoichiometry and percent dopant.
Design for Experimental Optim iss'w
%  Dopant
particle size (microns)
FIGURE 75: Olagranrnatte representation of h i l l  climbing s tra t­
egy and results
6.3 SECOND, FIRST ORDER STRATEGY
The second f i r s t  order design was a 23 fa ctoria l w ith level set­
tings as lis te d  1n Table 31 below and the results are lis te d  1n
Table 32. The hardness and strength data show th" L the centre
point 1s once again a maximum. In order to generate a response 
surface of th is  region a second order design was superimposed on 
the f i r s t .  The second order design fo r a three parameter facto­
r ia l is  shown in Table A.6 of Appendix A.7.
TABLE 31: Parameter leve ls
Code Parameter
LEVEL SETTING
- o +
A Dopant molar quantity (moles) 0,2 0,3 0,4
B Stoichiometry (moles) -0,4 0 0,4
C Sintering temperature (C) 1430 1460
TABLE 32: Hardness and strength results
FACTOR AND SETTING Hardness Strength Young's Modulus 
(GPa)
Density
(p/cm3)
- S,9B 230,6 4,09
* 6,95 =22.1 4,03
+ 10.00 198,9 154,2 4,02
+ + 205,2 217,4 4,02
+ 182,S 3,34
+ + 185,4 3,91
* + 190,5 3,86
+ + + 9,81
0 0 ° 11,2
6.4 SECOND ORDER RESULTS
The results fo r hardness as determined by m ultiple regression are 
shown In Table C .l, Appendix C .l. From the s ign ifican t effects the 
polynomial generated Is
Hardness = 11,29 - 1.25A + 0,SB + 0,60 + 0.55AR - M A*
-  1,3502 _ 3 ,S5c2 (30)
where A, B and C are the coded parameters fo r dopant concentration, 
stoichiometry and sintering temperature respectively. A residuals 
analysis shows that the data 1s approximately normal and evenly 
d is tribu ted. These results are plotted In Figs C.2 - C,4 In 
Appendix C.2.
Figures 76-78 ara response surface plo ts of hardness versus a ll 
paired combinations of the three parameters, with the th ird  being 
set a t zero. In a l l  cases the results show that a maximum hard­
ness has been straddled. Examination o f the averaged data 1n 
Table C.2, Appendix C.3, shows that the centre point has a hard­
ness o f 11,3 GPa. This Is the same hardness as one other point 
namely that f ire d  at 1 510 C fo r 0,3 moles of dopant and s to ich io­
metry set at zero. This would suggest the po ss ib ility  o f fu rther 
optimization a t higher temperatures. However, a reasonable mate­
r ia l with acceptable hardness has been processed at 1 460 C which 
1s w ith in the requirements o f the production lim ita tions.
FIGURE 76: Plot of hardness versus dopant and temperature
FIGURE 77: P lo t o f hardness versus dopant and s to ich iom etry
stoichiometry (moles)
FIGURE 78: Plot o f hardness versus stoichiometry and temperature
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The regression resu lt fo r strength data are lis te d  In Table 0.3, 
Appendix 0.4. The data shows that only dopant and s inte ring tem­
perature levels are important with th e ir squared functions. The 
polynomial generated is:
Strength = 227,6 - 2,850 - 5.2A2 -  10,802 (31)
This is  simpler than the previous expression fo r hardness and gen­
erates only one response surface as shown in Fig. 79. The regres­
sion analysis and residuals plots are shown in Appendix 0.4, Figs 
0.5 - 0.7. The data is  shown to be normally dis tribu ted, as sup­
ported by the probability  p lo t in 0.8. This validates the use of 
the analysis o f variance techniques used on th is  data.
femperoture (C)
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FIGURE 79: Plot of strength versus dopant and temperature
The hardness and strength data as analysed once again suggests a 
maximum has been reached fo r strength and hardness. The maximum 
hardness achieved was at the centre point and was 11,3 GRa. I t  
is , however, known that zirconla-mulMte of a hardness of 12,6 GPa
was achieved fo r undoped m aterial. I t  is possible that the second 
order design Is too insensitive to pick up a second optimization 
path. This could happen as shown in Fig. 80, where the best 
optimization path runs througi the design points.
FI3URE 80: Hypothetical case where second order design may miss
an optimization path
Another Important aspect of th is  system is  liq u id  phase exudation 
that occurs whenever substantial reaction occurs. The optimum 
hardness occurred at maximum density and Young's modulus repre­
senting a fu lly  densifled zlrcon-alumlna with pa rtia l reaction as 
represented by the micrograph in Plate 4, Section 5.1.2. When 
reaction occurs the samples exude a liqu id  phase onto the surface 
with consequent reduction in properties. With these materials 
therefore the optimum hardness is  achieved at the maximum density 
p rio r to reaction.
6.5 REMOVAL OF LIQUID PHASE EXUDA VON AT 1490C
Stoichiometric samples were prepared with various quantities of 
dopant. These were fired  at 1 490 C fo r 3 hours to determine the 
level a t which liq u id  exudation ceases. The mixes were made in 
accordance with the stoichiometry o f equation (22) Section 5.1.2 
the molar ratios, densities and hardnesses are lis ted  in Table 33.
TABLE 33: Density and hardness data fo r various compositions fired  
at l  490 C fo r 3 hours
Composition Dopant Addition 
(moles)
. . . . Density Hardness
1 0,02 0,30 3,810 11,25
2 0,03 0,45 3,860 11,70
3 0,04 0,60 3,890
4 0,05 0,74 3,875
5 0,06 0,89 3,860
5 0.D7 1,02 9,30
Compositions 1-3 showed no liqu id  exudation while compositions 4-6 
d id. A p lo t of composition and sintering temperature versus den­
s ity  is  shown In Fig. 81. The shaded area shows the approximate 
area where liq u id  exudation occurs. Composition 3 borders th is  
region, therefore from a safety point o f view composition 2 Is to 
be preferred. This is  due to i t  being su ffic ie n t ly  dense yet 
avoiding the chance occurrence of liqu id  phases exuding due to 
uncontrolled furnace temperature variations.
An XRD trace (Fig. 82) of material of composition 2 fire d  fo r 3 
hours a t 1 490 C shows that reaction due to z irconla-m ullite  fo r­
mation is  approximately 508 complete. The degree o f reaction 
appears to be related to the degree of denslfication achieved 
p rio r to reaction. This in turn Is related to the degree of 
porosity removal or by the Increase 1n reactant intergranular 
contact.
6.6 COMPARA TIVE EROSIVE WEAR EVALUA TiOfJ
Three sintered zircon-alumina materials were tested by comparative 
erosive wsar tests by the method described In Section 4.2.2.5. 
These were compared against a 90S commercial alumina. The abrasive 
materials used were SIC g r i t  with 110 im average diameter and 
ouartz sand with 150 ym average diameter. The angle o f abrasion
FIGURE 81; Plot of density versus s inte ring temperature and 
composition
used was 90°. Erosion was measured as mg o f target material lost 
per kg o f erodant used. The compositions of the samples tested 
are lis te d  in Table 34. The compositions were stoichiometric
zircon-alumina mixes based on the reaction chemistry of the 
dopants. The alumina was sintered at 1 490 C. The results are 
shown in Table 35.
FIGURE 62: XRD trace of zircon-alumina with 0,02 moles SrO
a fte r sintering fo r 3 hours at 1 490 C
TABLE 34: Composition and sintering de ta ils
Composition Dopant Dopant (%} Sintering Temperature (C)
1 0 45 1 490
3,73 4,0 1 175
TABLE 35 Erosion results In mg oss per kg of erodent
Target Material
Hear (mg/kg o f erodent)
Quartz
Composition 1 446
Composition 2
Composition 3
90% Alumina 74
The results show that composition 2, which was the centre point of 
the second, f i r s t  order strategy (Section 6.4), had sim ilar ero­
sion properties to the alumina as tested. This f u l f i l s  the o r ig i­
nal requirements o f the pro ject. This material was only p a r tia lly  
reacted as was the case fo r composition 1. Composition 1, however, 
showed a s ign ifican t improvement In erosion properties being 25% 
more resistant to S1C and 12 times more resistant to quartz under 
the conditions used. This is  probably due to  the lower glassy 
phase being present ?n composition i .  Composition 3, however, 
showed poorer erosion properties compared to alumina despite being 
fu lly  reacted to z lrconia-um llite . A possible explanation is  that 
weak grain boundaries are present.
A study o f the e ffec t of average pa rtic le  size o f s ta rting materi­
a ls was carried out to determine the e ffect on wear resistance of 
the fin a l product. The results are presented in Fig. 83. The com­
position was varied with pa rtic le  size by adding dopant in s u f f i­
cient quantities to resu lt in denslfication but a t the same time 
avoiding liqu id  exudation. The sintering temperature was 1 490 C. 
The results show a steep Increase in wear resistance as pa rtic le  
size decreases from 0,7 to 0,56 microns. Combined with the previ­
ous results th is  shows the importance of redi.:ed dopant r <d parH- 
cle size in achieving a wear resistant cera-: body in th is
system.
Patlicio size (micron)
FIGURE 53: Plot of erosion versus raw materia! pa rtic le  size of
target material
7. DISCUSSION AND CONCLUSIONS 
7.1 DISCUSSION
Reaction-sintered zfrcon-alurolna has been studied with a range of 
novel dopants In order to develop a clearer understanding o f the 
nature o f the reactions. On the basis o f these results one o f the 
dopants, SrO, was selected fo r an optimization exerc1se. Through 
a number o f itera tions the material was Improvej on a range of 
properties, pa rticu la rly  hardness with resino; to a cormerelal 
alumina m aterial. Final comparative studies were carried out 
using pa rtic le  impact erosion and showed reaction-sintered zlrcon- 
alumirts to be comparable and In some Instances superior to the 
alumina. In pa rticu la r a zlrcon-aiumina sintered at l  460 C was 
shown to be equivalent to the alumina, and a zlrcon-aitmlna 
sintered at I 490 C was shown to be vastly superior. The goals 
set a t the beginning o f th is  w rk  have therefore been met. There 
are. however, some general comments to be made on the experimental 
design techniques used ana some observations on reaction-sintered 
zlrcon-aiumina.
Tue use of fa c toria l designs has shown i t s e l f  to be a useful tool 
in systematizing the study o f multi-parameter effects on systems. 
However, I t  compliments rather than replaces conventional research 
techniques, in order to be e f f ic ie n t ly  used I t  Is necessary to 
have a good understanding o f the system under evaluation, i t  was 
twice shown during th is  study that whereas the mathematical analy­
sis showed an optimum had been straddled by the experimental 
points, In fac t potential optimization paths were not revealed by 
the s ta tis t ic a l design aione. These paths were ide n tifie d  by a 
knowledge o f the system b u i l t  on empirical experimentation during 
the prelim inary studies. The use o f these techniques In general, 
however, Is a safer and more economical way o f approaching complex 
problems. The safety factor Is that more meaningful experimental 
conditions can be covered, thus minimizing the chance o f missing 
an Important factor.
Resctlon-sintered zlrcon-aiumina Is a complex system. Depending 
on the setting o f experimental parameters products with poten­
t ia l l y  good prope-tles can, fo r a s ligh t s h if t  In parameter values,
give mediocre or poor properties. This point was emphasized by 
B"ch and Glry [79] who stated that the main dra1 k to reaction-
sinte ring was sen s itiv ity  to powder characterl; s, which makes
1t  d i f f ic u l t  to control. As a resu lt o f th is  observation they 
doubted whether zlrconla-iiiuUUe was commercially viable. The 
results of th is  Investigation Indicate that as long as the source 
o f variation is  known and monitored other parameters may be manip­
ulated to maintain the desired qua lity  w ith in  defined lim its . In 
order to define these lim its  and respond e f f ic ie n t ly  to  variation 
the processing parameters should Ideally be numerically defined as 
shown in developing response surfaces.
Although fu rther study 1s required some tenta tive comments can be 
made on the effect of microstructure on the properties o f sintered 
zircon-alumina fo r the Group 31 A doped materials. The properties 
of hardness, strength and wear resistance reached an optimum In 
th is  material with a combination of high density and lim ited 
degree o f reaction. This contrasts somewhat with N!2+ and Zn!> 
n.sterials which achieved optimum properties with fu l l  reaction. 
Another Important difference was the high degree o f denslflcatlon 
achieved fo r the Group I I  A doped materials p rio r to f u l l  reaction 
as opposed to the lesser degree o f denslflca tlon fo r the Nlz* and 
Zn2'  doped materials.
There are considerable dangers in making general statements on 
m icrostruetura! effects on properties o f zlrconla-m ulHte per se 
owing to the complexity of competing physico-chemical processes m 
conjunction with competing toughening mechanisms. For th is reason 
only the SrO-doped material w i l l  be considered as Information on 
the other systems Is  incomplete.
A number o f aspects are involved during the s inte ring process 
which have d iffe r in g  effects on the properties. The f i r s t  Is the 
process o f denslflcatlon which Is a sine qua non fo r structural 
ceramic processing and requires l i t t l e  fu rthe r camtsnt. in  the 
SrO-doped system the denslflcatlon of reactants p rio r to fu ll  
reaction Is pa rticu la rly  pronounced. Denslflcatlon Is usually 
accompanied by grain growth which Is  generally deleterious to
mechanical properties, part of which may be attributed to a lower­
ing of the internal surface energy with reduced grain boundary 
area. Associated with th is  Is an Increase In width o f In te r- 
granular joundaMes occurring with reduced Internal surface area. 
This is  a resu lt of the d is tr ibu tion  o f a fixed volume o f impurity
or dopant phases over reduced areas. Since many o f these grain
boundary phases are e ither amorphous or less robust than the 
grams th is  phenomenon Increases the probab ility  of crack In i t ia ­
tion occurring fo r a pa rticu la r event.
The i-lrcon-alumma to z1rcon1a-mul Mte reaction occurs by a solu- 
tm n-d lffus lon -prec lp lta tlon  process sim ilar to that described In 
Fig. IS [32]. Being essentia lly a recrysta lliza tion  process,
impurities which existed 1n the zircon w ill  be concentrated 1n the 
intergranular boundary phases, ultim ately Increasing the volume of 
these phases. This would combine with the grain growth e ffec t to 
the detriment of the properties.
Associated with the reaction 1s a vo lu rj increase which must
result in major changes In internal stresses. With the related
increase in more grain boundary m ob ility , stress relaxation could 
occur. A lte rnative ly microcracking a t the grain boundaries may be 
tne mechaulsm of stress relaxation. Microcracking appears to  be 
an imr. cant toughening mechanism in zlrconla-m ulH te as suggested 
from tne lite ra tu re  [42,60]. However, although microcracking can 
provide toughening to the bulk of the m ateria l. I t  is  more lik e ly  
to be deleterious a t a mlcrostructura! level where erosion by par­
t ic le  impact 1s operative since the In it ia tio n  s ites fo r crack 
growth have already been provided. The energy o f impacting, abra­
sive, angular partic les 1s generally transmitted a t a concentrated 
point. This results e ither 1n grain chipping or crack growth 
along grain boundaries resulting in grains fa ll in g  out. The la t ­
te r mechanism 1s lik e ly  to be assisted by pre-existing mlcrocracks. 
in is  may explain the poor performance o f Zn2+ doped zlrconia- 
mulHte to abrasive wear reported In Table 35,
F ina lly , m the SrO-dopad system reaction Is accompanied by the 
appearance o f a permanent liq u id  phase which Is dependent on the
concentration and dopants and can reach excessive proportions. 
This results in a deterioration in properties. In sutmiary, i t  
appears that any advantage in achieving fu ll  reaction to  zireonia- 
m u llite  in these systems is  more than outweighed by the disadvan­
tages. The best material achieved is  a p a r tia lly  reacted fine ­
grained, dense body with minimal intergranular phases.
The question remains as to the nature o f toughening mechanisms in 
such a body. Although transformation toughening has been shown to 
be e ffective  in an undoped z lrcon ia -im jllite  [58] th is  is  l ik e ly  to 
be a small contribution in a p a r tia lly  reacted body where tetrago­
nal zlreonia may make up as l i t t l e  as 4% of the to ta l volume. 
Such a body, which contains four major phases, is  lik e ly  to have a 
high degree o f internal stresses due to thermal mismatch. I t  is 
probable that th is  results in toughening due to crack bowing and 
deflection mechanisms. These have been spe c ifica lly  mentioned as 
possible mechanisms in the lite ra tu re  fo r mulUtes containing 
embedded alumina and zlreonia partic les [16,43]. Orange e t a l. [16] 
concluded that published toughening mechanisms cannot explain, by 
themselves, the mechanical properties o f the composites they 
studied. Rather a combination o f d iffe ren t mechanisms 1s opera­
t ive  each o f them being more or less e ffective  according to compo­
s itio n  and m icrostructure. These conclusions are equally valid 
fo r the SrO-doped zircon-alumina-zlrconia-mullItes described In 
th is  study. The main difference between the current work and that 
reported In the lite ra tu re  is  the use of fine r pa rtic le  size and 
p a rtia l reaction to achieve the best results with a novel dopant.
I t  has been demonstrated that the processing o f a commercially 
viable reaction-sintered zlrcon-alumina is possible. This can be 
done by a pragmatic quantification of processing parameters in 
re lation to properties w ith in Ihe restric tions applied by basic 
commercial re a lit ie s . I t  has fu rthe r been demonstrated that sub­
s tantia l Improvements m properties are possible which suggests 
that these materials may have wider applications than o rig in a lly  
envisaged.
7.2 CONCLUSIONS
Some general conclusions can be made on both experimental design
techniques and on the nature of zlreon-alumlna ceramics studied in
th is  work.
• Factorial designed experimentation has been shown to be a pow­
erfu l research tool when used In conjunction with conventional 
procedures. The main benefit is  through provision o f a wider 
net in covering po te n tia lly  Important parameters in  a labour 
e f f ic ie n t manner.
• M ultifactor optimization techniques are not in fa l l ib le  when 
used in the absence of c r it ic a l evaluation of the meaning o f 
the resu lts. Important optimization routes can be missed 
which would only be picked up by a good knowledge of the 
system.
• CaO, SrO and BaO show themselves to be e ff ic ie n t dopants In 
the ztrcon-afumira system in assisting densiflca tion . Owing 
to liq u id  phase exudation occurring w ith fu ll  reaction, the 
best properties were achieved with pa rtia l reaction when using 
these dopants.
• fiiO and ZnO-tioped zircon-aluroina exh ib it best properties with 
fu ll  reaction but fa l l  to densify fu lly ,  under s im ilar proc­
essing conditions as used fo r the group IT A dopants.
• A double-doped system of SrO and ZnO showed a 50 C reduction 
In reaction temperature over the single-doped systems.
• P artic le size o f zircon and alumina p r io r  to s inte ring has a 
major e ffec t on wear resistance of p a r tia lly  reacted SrO-doped 
zircon-alumina. Partic le sizes o f 0,5 ym produce ceramics 10 
times more resistant to quartz erosion than pa rtic le  sizes of
• in p a rtia lly  reacted zlruan-alum1na-zlrconia-mul11te  ceramics 
which have seen found to be pa rticu la rly  wear -eslstant, a 
combination o f toughening mechanisms are probably ac.'ve . I t  
seems probable that crack bowing and deflection toughening 
mechanisms would be more important than microcracking and
transformation toughening.
7.3 SUGGESTIONS FOR FURTHER WORK
The range of dopants studied and potential interactions o f dopants 
in conjunction with material characterization pose an almost end­
less prospect fo r fu rther study. As a resu lt only the key possi­
b i l i t ie s  can be lis te d :
1) TEH analysis of microstructure, especially analysing the
nature of nraln boundaries In in ju n c tio n  with erosive wear 
evaluation.
2) Defin ition of fu lly  optimized z1rcon-alum1na by dopant reduc­
tion towards an undoped material.
3) Quantification of the e ffec t on properties o f annealing of
high-dopant materials.
4) Establish a lower optimization temperature using a double dop­
ant system such as SrO/ZnO.
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A P P E N D IX  A
BASIC PRINCIPLES OF ORTHOGONAL DESIGN MID OPTIMIZA TION
A .l Some ProLlams with ClasstcBil Experiments (adapted from
Bex e t a l.  [69] Chapter 15)
Classical research, in determining the e ffect of variables on a 
measured parameter, is based on the one-parameter-at-a-tlme 
(OPMT) method. This method, In which experimental factors are 
varied one at a time, with toe remaining factors held constant, 
Is widely used to conduct research. This approach provides an 
estimate of the e ffect of a single variable at a selected fixed 
point in a multivariable space. However, fo r such an estimate to 
have any general relevance, i t  Is necessary to assume that the 
e ffect would be the same at any other point in the m ultivariable 
space. In "e a lity , th is Is rarely the case, as can be appreciated 
by considering Fig. A .I. The situa tion represented shows the 
weakness of the OPAAT approach by I l lu s tra tin g  two facets of a 
hypothetical sintering scheme fo r a ceramic. Dependent on the 
selection o f the time variable completely d iffe ren t Information Is 
received on the e ffec t of temperature.
Another prcbiem typ ica lly  associated with the OPAAT approach can 
be demonstrated by attempting to optimize on the system jus t 
described. An attempt to maximize the strength o f the ceramic 
w ith respect to time and temperature might fo llow  the course 
ll lu s tra te c . I f  the temperature Is fixed a t T = 1 225 C and 
sinte ring time was varied from SO to 180 minutes the results on 
strength would resemble that shown 1n Fig. A.2a. This would lead 
to the conclusion that the best sintering time was .30 minutes fo r 
th is  fixed temperature.
Following OPAAT strategy, 130 minutes would be chosen as the 
"best" fixed value and temperature would be varied. This could
1210 1220 I23u IZ-tO
temperature <C)
FIGURE A . l:  Hypothetical response surface representing strength
versus sintering time and temperature, with points 
fo r one-variable-at-s-ttme approach
time {min)
(a) F irs t set o f experiments: y ie ld  versus reaction time, temper­
ature held fixed at 1 225 C
temperature (C)
(b) Second set o f experiments: y ie lti versus temperature, reaction 
time held fixed a t 130 minutes
FIGURE A.2: Hypothetical results from the OPAAT approach
give a graph sim ilar to that shown in  F1g. A.2b. The maximum 
strength obtained is a t a temperature o f 1 225 C. The conclusion 
now seems Justified  that the overall maximum strength o f 85 MPa 
is  achieved by sintering fo r 130 minutes at 1 225 C. In the hypo­
thetica l example chosen th is  would be erroneous as can be appreci­
ated by considering Fig. A.3. The real maximum strength Is
approximately 105 MPa at sintering time of 55 minutes and 1 255 C. 
The fa ilu re  in th is case of OPAAT strategy to correctly optimize 
strength 1s that the approach ta c it ly  assumes that the maximizing 
value o f me parameter is  Independent of the level o f the other. 
In most systems th is  is  not true.
!
time (mini
FIGURE A.3: Possible true response surface representing strength
versus sintering time and temperature with points 
shown per OPAAT approach
A.Z An Example o f a Simple Factorial Experiment
In a 2: design each parameter under investigation is  coded in i ­
t ia l ly  a t two levels. The high level is represented by '+ ' and 
the low level by . There are two parameters of In terest in 
th is  case, namely temperature and time. The plus and minus sign-
are short-hand notation fo r +1 and -1 respectively and can be 
m ultip lied as such to provide parameter interactions. The design 
of the experiment contains every possible combination o f high and 
low settings and is usually represented In standard Yates order as 
shown in Table A.Z.
TABLE A.Is Standard Yates order fo r a 22 fa c to ria l design
Assuming the levels o f temperature and time chosen fo r the experi­
ment were 1 220 and 1 230 C, and 120 and 150 minutes respectively 
the points would be represented as shown in Pig. A.4. I f  fo r 
example, the strengths of each experimental setting were found to 
be 62, 76, 72 and 75 MPa respectively, a f i r s t  order polynomial 
can be calculated as described in Table A.2. The measured 
strength fo r each experimental setting is  w ritten in across a ll 
the columns in the design and takes on the sign o f each position 
as shown. Each column is  then summed and divided by the appropri­
ate d iv iso r to provide the relevant coe ffic ien t. The f i r s t  degree 
polynomial is  taken from the coeffic ients as shown b.x the equation
STRENGTH = 71,75 + ^  A - ^  B - ^  AB (MPa) A .l
where A anti B are the temperature and time codes respectively.
Equation A.l suirmarizes to a f i r s t  approximation the s itua tion as 
affected by the chosen parameters. In th is  case an Increase in 
the sintering temperature has a positive effect on strength 
whereas an increase in s inte ring time has a negative e ffec t. A
SO 90 120 160 ISO
time (min)
FIGURE A.4: Representation of hypothetical case fo r a 22 facto­
r ia l  experiment with factor codes
TABLE A.2: Calculation of results fo r hypothetical 22 factoria l
positive increase 1n the interaction ( i.e .  Increasing or decreas­
ing both temperature and time simultaneously) has a negative effect
on strength. In order, therefore, to achieve t;;e maximum strength 
w ithin the set parameter levels 1n th is  case one should select the 
high temperature setting with the low time setting . This Is 
described by Yates experiment No. 2 in Table A .I. Substituting 
the level codes into A, B and AS In equation A. 2 y ields a strength 
of 77 MPa. For optimization I t  Is assumed that fu rthe r Increases 
1n temperature and decreases In sintering time should Improve the 
strength. This 1s discussed 1n Appendix A.4.
A.3 Interaction and Curvature Check
The interactions, i f  present, are Indicative of a certain degree 
o f curvature. The Interaction effect Is calculated fo r the exam­
ple ju s t described In exactly the same way as fo r the parameters 
as shown In Table A.2. in th is  case the Interaction coeffic ien t 
Is -4,5 MPa. The meaning nf th is  can be seen by referring to Fig.
Figure A.5a represents the simple e ffect of the two parameters 
with no interactions. The effects are additive and so gives a 
p ld rur response surface. Figure A.5b shows the e ffec t of the neg­
ative in teraction giving a "minimax" response surface where the 
centre is  a col between two h i l ls .  This can be compared to a pos­
i t iv e  interaction of the same magnitude described by Fig. A.Sc.
The curvature is a measure o f the discrepancy between the average 
o f the results fo r the four coded settings and the centre point 
which has the coding (0 , 0). I t  Is marked as run number 0 in Fig. 
A.5. The mathematical meaning o f variance between thr. centre 
point strength value Is described by the coeffic ien ts o f the 
i-quared terms ir  a second degree polynomial. A second degree pol­
ynomial takes the form
Z = Bg + 9v'1 + BzB *  + BnB2 + B22B- + Bi^ AB A.2
where Bq represents the average of the coded points, Bi and 62 the 
effects o f the parameters, (By + 832) the variance between the 
centre point and the average, and Bi2 the interaction e ffec t. A 
A and B are the coded parameter values. For a fu ll  estimation of
I
2*71,75 W X -2 .5 Y
Z« 71,75 + 3,5X-2,5Y
Temporature
FIGURE A.5: Plot of strength versus temperature and time fo r
hypothetical example showing effect o f parameter 
Interactions -
2 = 71,75 + 3,5X -2,5 Y
Z=7I,75 + 3 ,5X -2 ,5Y
Z5 71,5 f  3,5X -2,5Y
Tempera turo
FIGURE A.6: Pint of strength versus temperature and time fo r
hypothetical example snowing effect of central 
curvature
i
H
Temperoture
FIGURE A.7: Plot of strength versus temperature and time fo r a
hypothetical situa tion described by the polynomial 
In equation A 3
2 = 71,75 + 10% -  5Y + 10X2 -  SY? + 8,5XY A.3
a ll the coe ffic ien ts , higher order experimental designs and least 
squares regression are required. These are b r ie f ly  discussed 1n 
Appendices A.7 and A.6.
The topoghraphical effects of the degree o f cvrvature is  i l lu s ­
trated in Fig. A.Ga-c. Figure A.6a and b shows the e ffect of a 
positive and negative deviation from cen tra lity  as described by 
one squared parameter. Figure A.6c shows the e ffect o f two posi­
tive  squared terms. A typical response surface o f a fu l l  second 
order polynomial Is Illu s tra te d  in Fig. A.7 showing the potential 
complexity that can be employed.
A.4 Tho Path o f StoopostAscent
The path o f steepest ascent Is calculated from the f i r s t  order 
polynomial A .I. Starting at the centre of the experimental region 
where the coded value of A and B are both zero, the path Is fo l ­
lowed by moving 3,4 units along the A axis fo r every -2,5 units 
along the B axis. This Is Illus tra ted  by the dotted line In Fig. 
A.8. The length o f the steps can be vartec In size. A convenient
set o f  points on the path of steepest ascent are also shown In 
Fig. A.8 and Table A.3. This path Is followed u n til a maximum has 
been found and then a second f i r s t  order design Is planned close 
to the maximum. The exercise is repeated un til the centre point 
gives a strength figure that is  larger than the other coded points.
I
time (mm)
FiGURE A.S: Path of steepest ascent wivh convenient set points
TABLE A.3: Points on the path of steepest ascent, hypothetical
example
Conditions Temperature
(C) Number
Observed
Strength
Centro
conditions 0
steepest
7,0 -5 5
This Implies that the other points straddh a maximum, a t which 
point a second order design is  employed wht •, w i ll  be described
A.5 First Qrtlor Factorial Designs
Table A.4 summarizes the design matrices fo r 22, 23 and 24 facto­
r ia l experiments, fo r 2, 3 and 4 factors respectively. This 
results In 4, 8 and 16 experimental settings, and shows the pat­
tern o f fa c toria l designs. The larger the design the more complex 
the nature of the interactions. In general the large interactions 
such as ABCD tend to zero as one o f the parameters 1s lik e ly  to be 
acting against the trend of the others. The resu lt Is po tentia lly  
redundant Information. I t  Is possible to reduce the size o f the 
higher order fa c to ria ls  such as 26 which requires 64 experimental 
settings i>  a ha lf or a quarter of the original size. I f  th is  1s 
care fu lly done the effects of the parameters and most o f the 
Important interactions can s t i l l  be analysed. This Is discussed 
In most texts on fa c to ria l designs [67-70],
TABLE A.4: Design matrices fo r 22, 23 and 24 fa c to ria l experiments
A.6 Analysis o f Factorials Using Normal Probability Plots
I he problem o f determining whether a measured e ffec t Is due to 
experimental error or 1s real can be analysed using normal proba­
b i l i t y  p lo ts . This technique Is  generally only useful fo r facto­
r ia l designs o f d factors or more.
A normal d ls tr lbu U n- shown in Fig, A.9a fo r a set of data pre­
sented by the black , ts. I f  these points are ranked from low­
est to highest the probability  o f th e ir appearance can be 
approximated by the equation,
100 ( !- * )
for i = 2,2 m.
(61 Ordinary graplipaper Ic) Normal probability oopor
FIGURE A .9: Normal p ro b a b ility  p lo ts
I f  the data Is normally distribu ted and the probability  o f each 
po int Is plotted against I ts  value the craph w ill  be sigmoidal as 
shown 1n Fig. A.9b. When the same points are plotted on normal 
probab ility  paper they fa ll  on a stra ight lin e  as shown 1n F1g. 
A,9c. The use o f th is analysing real effects In a 24 fa c toria l 
experiment can be demonstrated by considering Fig. A .10. A ll the 
effects due to experimental error w i ll  tend to fo llow  a normal 
d is tr ib u tio n  and fa i l  on a stra ight line  as shown. Any points 
fa ll in g  o f f  the line  cannot be explained as normal variance and 
has to be a real e ffec t. In th is  case a l l  four parameters and one 
Interaction are real while the remainder can be considered as 
being due to experimental error.
Effect iGPol
FIGURE A .20; P lo t of p ro b a b il i ty  versus Young's modulus e ffe c ts
I f  the data Is normally distribu ted and the probab ility  of each 
po int Is plotted against i ts  value the grapn w ill  be sigmoidal as 
shown in  Fig. A.9b. When the same points are plotted on normal 
probability  paper they fa l l  on a stra ight line  as shown in Fig. 
A.9c. The use o f th is  analysing real effects In a 24 factoria l 
experiment can be demonstrated by considering Fig. A .10. A ll the 
effects due to experimental error w ill tend to fo llow  a normal 
d is tr ib u tio n  and fa l l  on a stra ight line  as shown. Any point: 
fa ll in g  o f f  the line  cannot be explained as normal variance and 
has to be a real e ffec t. In th is  case a l l  four parameters and one 
interaction are real while the remainder can be considered as 
being due to experimental error.
FIGUI'E A.V): Plot o f probabU)ty versus young's modulus e ffe c ts
A. 7 Second Order Factorial Designs
In order to estimate regression coeffic ien ts fo r a second degree 
polynomial each variable must have at least three d iffe ren t 
levels. Some o f the most effective designs of th is  nature are
centra! composite rotatable designs. The matrix fo r two and
three parameters are given In Tables A.5 and A.6 respectively. 
The geometry o f these designs are shown In F1gs A.11 and A.12 
respectively.
TABLE A.5; Central composite rotatable design fo r two parameters
TABLE A .6: Central composite ro ta ta b le  design fo r  three parameters
5 point,
, v „ ,
6 - a
FIGURE A .11: Central composite design "or two parameters
FIGURE A .12: Central composite design fo r three varla&les
A.8 Analysis o f Variance of Replicated Designs
I f  the measurement fa r earh point Is replicated the use o f the 
powerful analysis of variance technique, based on the fixed 
effects linear s ta tis tica l model can be employed. For a two- 
parameter fa c toria l design the results can be described by the 
linear s ta tis t ic a l mode!
-  U + t, + Bj + (TB)ij + e1Jk A.5
where 1 = 1, 2.......... a
and n Is the overall mean e ffec t, t ,  is  the e ffec t of the 1-th 
level o f the row parameter A, Sj 1s the effect o f the j - t f i  level 
o f column parameter B, ( ts h j Is the effect of the interaction 
between t ,  and Sj, and e|Jk is  a random error component. The data 
3'-rangement Is shown in Table A7.
TABLE A7: Data arrangement fo r a two-parameter design 
PARAMETER 8
Andlj’s is  o f variance fo r  the data in tb i-  format by S^jcgraphics 
s ta tio d ca l ccwuter package Is generated in an analysis table of 
the form shown in Table A8.
TABLE A8: Analysis o f variance table fo r two-parameter fa c toria l 
fp r 1st degree polynomial
Source of
squares
Degrees of 
freedom square
F.
1 i l t y
A treatment SSA " . . A Pa
8 treatment ssb »% - (# 1 ; -  % Pb
Interaction ssA0 < a -l)(ti- l) " s*« " ( a - i lt i i - l ) Paa
R -  - R3 ! Sum or errors = SSg : Mean absolute error = H';L.
- w k n '
R' - correlation coeffic ien t and PA, PB and !»Aa are the probabili­
ties  that tfie parameters can have an F r . it lo  as calculated. This 
p robab ility  is  usually set at S* as whether to accept or reject 
the e ffect as belnq real or part o f the experimental e rro r. The 
coeffic ien ts fo r equation AS are calculated by lease squares 
regression. The basic princip les of two-pa, ^tei analysis can Be 
extended to any number as long as the princip les of fa c toria l 
designs are maintained.
A.9 Normality Assumption and Central Limit Theorem
The anali’ols of variance in the previous section is  purely an 
algebraic relationship. However, the use of the F test to deter­
mine whether fcfiers am s ign ifican t differences in treatment means 
requires certain assumptions to be sa tis fie d . These assumptions
are that the observations are adequately described by the appro­
priate model such as equation AS, and that the errors are normally 
and independently d istributed with mean zero and constant but 
unknown variance. In practice, these assumptions usually do not 
hold exactly. I t  Is therefore, necessary to check the v a lid ity  of 
the analysis by examining the residuals p rio r to accepting a given 
model. This 1s discussed 1n the following section.
Should the residuals analysis fa ll  to sa tis fy  the assumptions I t  
Is possible to attempt transformation of data to piovlde a more 
reasonable data set which more closely f i t s  these assumptions. 
The transformations possible are discussed a t some length In re f­
erences [64 and 69]. One method o f 'Improving' the normality o f a 
data set Is by making use o f the central l im it  theorem. There are 
two Important ramifications o f th is  theorem.
F irs t ly , I f  random samples, size n, are taken from a d is tribu tion  
with mean x and standard deviation o, then the sampling d is tr ib u ­
tion  w ill  be approximately normal with mean x and standard devia­
tion c //n , the approximation Improving as n increases. This 
simply states that a non-normal d is tn nu tlon  can generate approxi­
mately normal data by the use of a suitable sampling technique.
The second Important ram ification is  that in the real world of 
experimentation a measured quantity is  usually affected by a 
series o f small errors due to sample and measurement lim ita tions. 
These can be represented by a linear equation
t  = a ^ i + *2*2 + an6n A6
Such a linear function c f errors w ill  tend to normality as the 
number o f components becomes large, almost Irrespective of the 
Individual d is tribu tions o f the components. An Important proviso 
is  that several of the sources of error must uukr Important con­
tribu tions to the overall e r r tr  and that no single error dominate:: 
the others.
A .10 Residuals Analysis
Residuals analj's is is  a check a fte r analysis of variance, that 
there Is a good approximation to normality. I t  Is essential to 
conduct th is  analysis as maverlk points or serious deviations from 
nom altty  can resuit in to ta lly  incorrect conclusions which can 
lead to costly time wasting. The f i r s t  step in  residuals analysis 
Is a normal probability  p lo t an example of which Is shown in Fig. 
A .13. This data is  draw, from a M08 example. The residuals 
should fa l l  close to a s tra igh t lin e . This is  approximately true 
In th is  case.
Renduoh
FIGURE A.13: Normal p robability  p lot of residuals
Two other plots of residuals arc typ ica lly  carried out as i l lu s ­
trated in Mg. A.14a and b. The residuals are plotted in the 
order they are presented and against th e ir predicted values, Any
Ij
A. Zd: Plot o f residuals versus Index
pattern such as a tendency to d r i f t  across the zero line  or taper 
o f f  a t one end are viola tions o f the assumption o f normality and 
equivalence of variance.
An example of the usefulness of residuals analysis Is Illus tra ted  
In Fig. A,15. In th is case one residual Is c lea rly  well clear of 
the normality p lo t and Is therefore regarded as a maverick obser­
vation, This Is usually due to exoeMmentai e rro r and retesting 
the point can correct the problem.
FIGURE A.15: Normal probab ility  p lo t o f -eslduals showing presence 
of Maverick observations
Leve1 Count Average
(*105)
I 2,87
3 2,60
3
4 3 2,86
5 3 8,39
6 3 6,96
7 3 8,14
a 3 7,52
9 3 3,34
JD 3 4,05
11 3 3,11
12 3 3,56
3 6,32
3 6,92
3 6,86
3 8,21
3 8,85
3

A P P E N D IX  C 
RESULTS OF SECOND ORDER STMTEQY 
C .l Regression Analysis for Hardness
TABLE C .l:
Independent Coefficient Std. error
v r l . b l . ( *10" ) (xlO7)
Constant 113,0 9,2 00000
Dopant (A) -2,5
Temperature (B) 1,2 2,9
Time fC) 1,2 2,8
A* 4,7 -5,8
B2 4,7 -5,6
C* 4,7
M
-1,7
-1,1 02575
Predicted
FIGURE C .l: P lo t o f pred icted versus observed data fo r  hardness
I
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PTGURE C.4: Plot of hardness residuals against predicted level 
C.3 Avarage Results for Hardness
TABLE C.2: " .erage results fo r hardness
Level Court Average (xlO9) Level Count Average (xlO9)
10,2
9,2 10,7
10,2 12 10,3
10,0 13 11,3
10,3 14
9,9 15
16 11,3
10,1
17 11,3
I
/
4
C. 4 Regresson Rasults for Strength
TABLE C.3: Regression results fa r strength
Independent
variable
Coefficient
( X M " )
Std. error 
<x)07>
t~va,ue Slg. level
Constant 227,6 4,7 48,8 0,0000
Dopant (A) 2,2 0,7
Temperature (B) 2,2
Time (C) -5,7
A2 - i ’,3
- o i s 2,4 -0,2
-21,6 2,4 0,0000
2,2 2,9 0,8
1,3 2,9 0,5
2,1 2,9 0,7
me -0,7 2,9 -0,3
* 0,65 Standard error = 14 Mean a'verag¥ error = io,4
FIGURE 0.5: Plot of regression estimates vs observed data for
strength
JC.5 Residuals Analysis fot Strength Data
Retiduel pi
FIGURE C.6: Plot of strength residuals 1n order o f testing
FIGURE C.7: Plot o f strength residuals against estimated values
I
iNormal grobablllty glol
FIGURE C.8: Normal p ro b a b il i ty  p lo t  o f  s i;reig th  data
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